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Chapter 1              
 
 
 
 
 
 
 
 
 
 
Introduction 
 
 
 
 
 
 
 
 
 
 
 
“Learn from yesterday, live for today, hope for tomorrow.  
The important thing is to not stop questioning.” 
(Albert Einstein, 1879-1955) 
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Background picture is a 3D cell wall profile of a UV-microspectrophotometry scan of greenhouse-grown 
wild-type poplar.  
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PLANT CELL WALL 
Plant cells differ from animal cells by the presence of a cell wall. In plants there are approximately 35 
different cell types, which differ in size, shape, position, and wall characteristics [1]. The plant cell wall 
acts as an exoskeleton to support the upward growth of plants and withstand high turgor pressures. The 
cell wall also participates in adhesion, cell-cell and wall-nucleus signaling, defense, and numerous growth 
and differentiation processes [2]. As plant cell walls are a dynamic compartment, their composition 
changes throughout the life of the cell. The primary cell wall originates from the cell plate that is made 
after cell division and rapidly increases in surface during cell expansion. The middle lamella forms the 
interface between the primary walls of neighboring cells. Certain cell types (e.g. xylem and fiber cells) 
develop a secondary cell wall deposited against the primary cell wall during cell differentiation (Fig. 1.1) 
[3]. 
           a                         b 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Illustration of the plant cell wall, indicating the middle lamella, primary cell wall, and the multilayered secondary wall 
(S1-S3) (a). As shown in this example of a fiber cell from a young stem of a locust tree, fibers may also contain “warts” (W), which 
are a last stage of wall thickening before the protoplast disintegrates (b). Picture taken from [3]. 
 
The structure of the plant cell wall varies between different species [4] and will further be discussed for 
eudicotyledons like poplar and Arabidopsis, the two species that were studied in this PhD. 
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Primary cell wall 
The primary cell wall is a thin, flexible, but strong layer that determines the rate and direction of cell 
expansion and ultimately the size and shape of the cell. It is composed of three different types of 
polysaccharides (cellulose, hemicelluloses (mainly xyloglucans), and pectins) and in smaller proportions 
of structural proteins [5]. Based on transmission electron microscopy, models were established that 
describe the structure of the primary cell wall as a combination of two networks. The first network is 
composed by cellulose and hemicelluloses and would be the load-bearing network. The second network 
is a pectic polysaccharide network and is thought to determine the porosity of the primary cell wall [6]. 
 
Cellulose  
Cellulose is the most abundant polymer on earth. It is a linear polymer that contains only one kind of 
monosaccharide: D-glucose. These D-glucoses are β-(1-4)-linked with the successive glucose residues 
rotated 180°, forming a flat glucan chain with cellobiose as the repeating unit (Fig. 1.2a). It is estimated 
that such cellulose β-(1-4)-glucan chains contain between 500 and 1400 glucose residues. Thirty-six 
cellulose β-(1-4)-glucan chains are parallel oriented to each other to form a cellulose microfibril [7], that 
has a diameter of 3-5 nm and can reach many micrometers in length [1]. Extensive hydrogen bondings 
are formed within and between glucan chains, as well as van der Waals interactions between chains [8], 
resulting in highly organized crystalline domains. However, it is possible that hemicelluloses become 
trapped in the microfibril as it forms, which ends up in disordered amorphous regions [1]. Formation of 
the cellulose microfibrils is controlled by plasma membrane-localized complexes (Fig. 1.2b).  
In Arabidopsis, the cellulose synthase (CESA) family contains 10 genes. Six proteins coded by three 
different CESA genes are normally required to make one functional cellulose-synthesizing CESA complex. 
For the biosynthesis of cellulose in the primary cell wall, CESA1, CESA3, and CESA6 are required [9], and 
in the biosynthesis of cellulose in the secondary cell wall, CESA4, CESA7, and CESA8 are involved [10]. 
Furthermore, six CESA complexes form a hexameric array (with a total of 36 CESA proteins) which are 
called rosettes (Fig. 1.2c).  
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Figure 1.2: a: Simplified presentation of a cellulose β-(1-4)-glucan chain, with indication of the repeating cellobiose unit (n: 
between 250 and 700). b: Model of a hexameric rosette showing how three different CESA proteins (shown in three different 
colors) might be organized. c: Immunogold labeling shows that CESA is localized to hexameric ‘particle rosettes’ in the plasma 
membrane. The black circles represent gold nanoparticles that are attached to antibody against CESA. Figure is adapted from 
[1]. 
 
Hemicelluloses  
Hemicelluloses constitute 20-30% of the biomass of eudicotyledonous plants, such as Arabidopsis and 
poplar [11,12]. Hemicelluloses bind to the surface of the cellulose microfibrils and form a matrix 
between fibers where it plays the dual role of keeping fibers from aggregating and adding flexibility to 
the cell wall [13]. Hemicellulose polysaccharides are shorter than cellulose and they often are branched 
with short chains containing other sugars, acetyl groups, and/or phenolic groups. The hemicellulose 
composition varies with plant species and tissue types and can be classified into four major groups: 
xylans, mannans, xyloglucans, and mixed-linked glucans [11,14,15] (Fig. 1.3). Xylans are the most 
abundant class of hemicelluloses in eudicotyledonous plants, with the secondary cell wall containing 20-
30% glucuronoxylan. Xylans have β-1,4-linked D-xylose backbones that may include arabinan and 
glucuronic acid side chains. Also extensive acetylation may occur and the L-arabinose side chains can be 
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esterified with ferulic acid that in turn cross-links glucuronoarabinoxylan, hemicelluloses, and lignin [8]. 
Mannans comprise galactomannans, glucomannans, and galactoglucomannans. Galactomannans have a 
β-1,4-D-mannose backbone with α-1,6-D-galactose branches; glucomannans contain both D-mannose 
and D-glucose β-1,4-linked backbones; and galactoglucomannans have β-1,4-D-mannose and β-1,4-D-
glucose backbones with α-1,6-D-galactose branches attached to the mannose backbone. The third group, 
xyloglucans, have a β-1,4-glucan backbone with xylose-containing branches that can contain other 
monosaccharide substitutions such as D-galactose and L-fucose. To be complete, mixed-linkage glucans 
comprise a backbone of D-glucose residues having both β-1,3- and β-1,4-linkages, but occur only in 
grasses and not in eudicotyledonous plants.  
Hemicelluloses are synthesized at the inner face of cis, medial, and trans Golgi membranes and are 
transported to the cell wall via Golgi derived vesicles [5]. The Golgi vesicles fuse with the plasma 
membrane and thereby deliver their cargo to the wall. Hemicelluloses then become integrated into the 
wall network by physical interactions, enzymatic ligations, and crosslinking reactions [1]. 
 
Pectin  
Pectin is structurally and functionally the most complex polysaccharide in plant cell walls. It accounts for 
30-40% of non-cellulosic polysaccharides in the primary cell wall of herbaceous eudicotyledons with 
significantly lower amounts found in secondary cell walls of woody tissue [16]. Pectin is a family of 
galacturonic acid-rich polysaccharides including homogalacturonan (HG), rhamnogalacturonan-I (RG-I), 
rhamnogalacturonan-II (RG-II), and xylogalacturonan (XGA) (Fig. 1.4). Pectins are biosynthesized in the 
cis, medial, and trans Golgi cisternae and subsequently transported to the wall via Golgi vesicles, similar 
to the biosynthesis of the hemicelluloses [16]. It is predicted that approximately 67 glycosyltransferase, 
methyltransferase, and acetyltransferase activities are required for pectin synthesis [7]. Pectin has many 
functions in plant growth, morphology, development, and plant defense [17]. From a human 
perspective, pectin can be used in the production of a variety of specialty products including edible and 
biodegradable films, adhesives, paper substitutes, foams, and plasticizers [16]. It is also shown that 
pectin is an important aspect in the conversion of citrus waste and sugar beet pulp into ethanol, where 
pectins are abundant [18,19]. 
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Figure 1.3: Main types of polysaccharides present in hemicelluloses, adapted from [15,20]. “Fer” represents esterification with 
ferulic acid, * only found in grasses. 
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Figure 1.4: Schematic structure of different types of pectin: homogalacturonan (HG), rhamnogalacturonan-I (RG-I), 
rhamnogalacturonan-II (RG-II), and xylogalacturonan (XGA). Figure adapted from [7,16], D-Dha: 2-keto-3-deoxy-D-lyxo-
heptulosaric acid; Kdo: 2-keto-3-deoxy-D-manno-octulosonic acid.  
 
Cell wall proteins 
In certain cell types, up to 10% of the dry weight of the plant cell wall are proteins. These include 
enzymes, wall loosening proteins (expansins), signaling molecules (e.g. AGP), and structural proteins (e.g. 
extensins) [4]. Several classes of wall structural proteins have been described in the plant kingdom, 
classified according to their predominant amino acid composition, e.g. hydroxyproline-rich glycoprotein 
(HRGP), glycine-rich protein (GRP), proline-rich protein (PRP), and so on [2]. Many of these proteins are 
highly glycosylated, like arabinogalactan proteins (AGP) but depending on cell type and maturation they 
vary greatly in their abundance. Wounding, pathogen attack, and treatment with elicitors increase the 
expression of many of these proteins, and wall structural proteins are often localized to specific cell and 
tissue types [21]. 
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Secondary cell wall 
The secondary cell wall is formed after cells cease growth and its development is restricted to those cell 
types that require great mechanical strength and structural reinforcement [1]. Compared to primary cell 
walls, secondary cell walls contain much less pectins but more cellulose and hemicelluloses. However, 
the main difference between secondary and primary cell walls is the presence of lignin. The 
polysaccharides (pectin, cellulose, and hemicelluloses) have been described in previous sections. 
Because the focus of this dissertation lies on disrupting the lignin biosynthesis, this polymer will be 
described more in detail. 
 
Lignin  
Next to cellulose, lignin is Nature’s second most abundant organic substance. It has been estimated that 
lignin represents as much as 30% of the organic carbon in the biosphere [22]. Lignin is a complex natural 
polymer that plays an important role in the growth of plants. It is necessary for the physical rigidity to 
grow upright and it strengthens the vascular system that conducts water and soluble nutrients from the 
roots through the rest of the plant. Developmental lignin is deposited in xylem tissues, however, upon 
stresses, like UV-radiation, pathogen, and herbivore attack, the biosynthesis of lignin can also be 
ectopically enhanced [23]. 
This complex polymer is mainly derived from three different 4-hydroxyphenylpropanoids (p-coumaryl 
alcohol, coniferyl alcohol, and sinapyl alcohol) that form p-hydroxyphenyl (H), guaiacyl (G), and syringyl 
(S) units when incorporated into the lignin polymer. These three main lignin units differ in their degree of 
methoxylation (Fig. 1.5). The content and composition of lignin is highly variable among taxa, species, 
tissues of the same plant as well as within a single cell depending on the developmental stage, and the 
influence of environmental stresses [24].  
 
Lignin biosynthesis 
Although most of the genes of the lignin biosynthetic pathway have been characterized, the pathway has 
been revisited several times and is still a matter of debate [22,25]. The generally accepted pathway in 
angiosperms, of which 75% is classified as eudicotyledons, is illustrated in Figure 1.5.  
The biosynthesis of lignin starts with the amino acid phenylalanine, which is made by the shikimate 
biosynthetic pathway. Phenylalanine ammonia lyase (PAL) converts phenylalanine to cinnamic acid by a 
non-oxidative deamination reaction. In Arabidopsis, the PAL gene family consists of 4 members but only 
PAL1 and PAL2 are involved in the biosynthesis of developmental lignin [26,27]. Because PAL is the first  
10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5: The general phenylpropanoid (from PAL through CCoAOMT) and monolignol-specific (from CCR through CAD) biosynthetic pathways. The grey box is the generally 
accepted pathway in Arabidopsis and poplar, the two species studied in this dissertation. The pathway lists the genes that are potentially involved in Arabidopsis lignin 
biosynthesis, based on promoter sequences, expression patterns, and wet-chemistry experiments [22,25-27,29-32]. ? not experimentally illustrated. 
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enzyme involved in the general phenylpropanoid pathway, it determines the influx of the primary 
metabolism and is consequently rate-limiting towards secondary metabolism [28]. 
Cinnamic acid is hydroxylated to form p-coumaric acid by the action of cinnamate 4-hydroxylase (C4H). 
In Arabidopsis C4H is a single gene family [26]. This enzyme is the first of three P450-dependent 
monooxygenases involved in the hydroxylation steps of the phenylpropanoid and monolignol-specific 
biosynthetic pathways. 4-coumarate:CoA ligase (4CL) catalyzes the production of hydroxycinnamoyl-CoA 
esters that are involved in the production of lignins, flavonoids, stilbenes, etc. [33]. In Arabidopsis, this 
gene family consists of 4 members of which only 4CL1 and 4CL2 are suspected to be involved in the 
biosynthesis of developmental lignin, based on their promoter sequence and expression pattern [26,31]. 
In the next three enzymatic steps p-coumaroyl-CoA is converted to caffeoyl-CoA by the consecutive 
actions of p-hydroxycinnamoyl-CoA:shikimate/quinate p-hydroxycinnamoyltransferase (HCT), p-
coumarate 3-hydroxylase (C3H), and again HCT. There are one HCT and three C3H genes detected in the 
Arabidopsis genome. Promoter and expression analyses revealed that, of the latter, only C3H1 is 
involved in developmental lignin biosynthesis [26]. Downregulation of HCT or C3H1 in Arabidopsis 
drastically affects lignin composition; the resulting lignin polymer is almost completely composed of H 
units [34,35]. This indicates that these enzymes play an essential role in the production of C3- and C5-
substituted phenylpropanoids [22]. However, recently in poplar, it was evidenced that the conversion of 
p-coumaric acid to caffeic acid can directly be mediated by a C4H/C3H complex [30]. The last step of the 
general phenylpropanoid pathway, where caffeoyl-CoA is converted to feruloyl-CoA, is catalyzed by 
caffeoyl-CoA O-methyltransferase (CCoAOMT). Although there are 7 family members in Arabidopsis, only 
CCoAOMT1 is involved in developmental lignin [26,29]. The monolignol-specific biosynthetic pathway 
starts with the reaction of cinnamoyl-CoA reductase (CCR) that converts the formed cinnamoyl-CoA 
esters into their corresponding cinnamaldehydes. In Arabidopsis there are 2 CCR genes, CCR1 and CCR2, 
which are differentially expressed during development and by pathogen attack, indicating that those two 
genes play a different physiological role in the plant [36]. CCR1 is involved in the biosynthesis of 
developmental lignin, whereas CCR2 is rather involved in the biosynthesis of phenolics whose 
accumulation may lead to resistance [37]. Ferulate 5-hydroxylase (F5H) and caffeic acid O-
methyltransferase (COMT) are two enzymes specific for the production of S units. Although there are 
two F5H genes in Arabidopsis, F5H2 is only expressed in the early fases of the development, whereas the 
expression of F5H1 increases over development. COMT is a single gene family [26]. Finally, the formed 
cinnamaldehydes are converted to their corresponding cinnamyl alcohols by cinnamyl alcohol 
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dehydrogenase (CAD). Although this is a large gene family with 9 CAD genes, only two, CAD2 and CAD6, 
are considered to be involved in the biosynthesis of developmental lignin [26,32]. 
For the different steps of the lignin biosynthetic pathway mutant and downregulated lines have been 
analyzed in different species, different tissues, and with different techniques. An overview of the main 
consequences of lignin pathway perturbation on the phenotype and cell wall composition of the plant is 
listed in Table 1.1. 
For most lignin-deficient plants, cell wall characterizations have been limited to lignin quantification and 
the determination of the lignin composition. There are only a few examples where the remaining cell 
wall composition (cellulose and hemicelluloses) was analyzed. In this PhD, two different species were 
studied, i.e. poplar and Arabidopsis thaliana. Therefore, the most interesting references in Table 1.1 are 
the ones describing the effect of lignin perturbations in poplar or in Arabidopsis, more specifically in a 
Col-0 background. 
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Table 1.1: Literature overview of the effects of lignin perturbation on the phenotypes and cell wall composition of the plant with the main focus on Arabidopsis and poplar 
mutants. Double mutants between different lignin genes were not considered. as: antisense; s: sense; OE: overexpression; ND: not determined; +: increased compared to wild-
type; -: decreased compared to wild-type; =: equal to wild-type. 
 
gene line organism ecotype tissue phenotype lignin S/G cellulose hemicelluloses reference 
PA
L 
pal1 
Arabidopsis thaliana C24 
green 
inflorescence 
stem 
no -30% + = = 
[27] pal2 no -38% + = = 
pal1 pal2 sterile -66% + = = 
pal1 pal2 pal3 
pal4 
Arabidopsis thaliana Col-0 
3 months old 
inflorescence 
stem 
stunted 
-75% ND ND ND [38] 
sterile 
sPAL 
Nicotiana tabacum  
 
 
stem 
reduced 
growth 
-70% + 
ND ND [39] 
OE PAL ND +46% - 
sPAL 
Nicotiana tabacum  
 
midstem ND 
-48% + 
ND ND [40] 
OE PAL -9% = 
C4
H
 ref3-2 
Arabidopsis thaliana Col-0 ND 
dwarfism, 
sterility 
-75% ND 
ND ND [41] 
ref3-3 = + 
4C
L 
35S::4CL1 
Arabidopsis thaliana 
Col-0 
5 week old 
stems 
no 
-60% + 
ND ND [42] 
Pc4CL::4CL1 -25% + 
35S::4CL1 
RLD 
-12% + 
Pc4CL::4CL1 -29% + 
as4CL1 Populus tremuloides 
 
 
stem wood 
enhanced 
growth 
-45% = 15% 
xylan - 
[43] 
arabinan +20% 
galactan +46% 
rhamnan +23% 
RNAi Panicum virgatum 
 
 
whole stem 
browning 
-20% 
+ 
= = [44] unchanged 
biomass 
H + 
 
Pinus radiata 
 
2 year old wood dwarfed -30% H/G + = galactose +87% [45] 
s4CL Nicotiana tabacum   
5 months old 
stems 
brown tissue - - ND ND [46] 
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H
CT
 RNAi Arabidopsis thaliana Col-0 
2 months old 
stems 
severly 
dwarfed 
- = ND ND [35] 
TRV-HCT Nicotiana benthamiana  
3 month old 
stems 
dwarfed -15% - ND ND [47] 
C3
H
 
ref8 Arabidopsis thaliana Col-0 stems dwarfed - - ND ND [36] 
cyp98A3 Arabidopsis thaliana Ws stems dwarfed ND + - Glucose + [48] 
RNAi 
Populus grandidentata x 
alba 
 
6 month old 
stems 
ND = + + Xylose + [49] 
CC
oA
O
M
T 
ccomt1 Arabidopsis thaliana Col-0 
dried mature 
stems 
no -30% + ND ND [29] 
sCCoAOMT Populus tremula x alba 
 
7 month old 
wood 
pink-red 
coloration 
-12% + ND ND [50] 
asCCoAOMT Populus tremula x alba 
 
 
9 month old 
wood 
orange 
coloration 
-35% + ND ND [51] 
no growth 
defect 
asCCoAOMT Nicotiana tabacum  
 
12 week old 
stems 
reduced 
growth 
-15% = ND ND [52] 
asCCoAOMT Nicotiana tabacum  
 
stems no -60% + ND ND [53] 
 Pinus radiata  callus culture ND -20% H/G + ND ND [54] 
asCCoAOMT Medicago sativa  
 
stems, 6th-9th 
internodes 
ND -21% = 11% xylose +9% [55] 
asCCoAOMT Medicago sativa  
 
stems, 6th-9th 
internodes 
no -17% + = = [56] 
CC
R 
ccr1s 
Arabidopsis thaliana Col-0 
senesced 
inflorescence 
stems 
reduced 
growth 
-35% + 
ND ND [57] 
ccr1g -35% + 
ccr1g Arabidopsis thaliana Col-0 
mature floral 
stems 
dwarfed -9% + -21% +33% [58] 
irx4 Arabidopsis thaliana Ler 
9 weeks mature 
stems 
reduced 
growth 
-10-20% = ND ND [59] 
irx4 Arabidopsis thaliana Ler 
6-8 week old 
mature stems 
collapsed 
xylem 
-50% ND = = [60] 
asCCR 
Populus tremula x alba  
6 months old 
greenhouse 
stems 
pathy stems 
-23% 
- + - [61] 
sCCR -47% 
asCCR Nicotiana tabacum   
2.5 months old 
stems 
dwarf - + + Xylose + [62] 
asCCR Nicotiana tabacum 
 
whole mature 
stems 
stunted 
growth 
-25% + +15% ND [63] 
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F5
H
 
fah1-2 
Arabidopsis thaliana Col-0 
basal mature 
stems 
no = 
- ND 
= 
[64] 
fah1-5 no = = 
sin1 Arabidopsis thaliana Col-0 
dried rachis 
tissue 
red under 
UV-light 
ND - ND ND [65] 
C4H::F5H Populus tremula x alba 
 
2.5 year old 
wood 
no = + ND ND [66] 
CO
M
T 
Atomt1 Arabidopsis thaliana Ws dried stems no +9% - ND ND [67] 
35S::COMT Populus tremula x alba 
 
6 month old 
wood 
brownish 
coloration 
-17% - +6% ND [68] 
asCOMT Populus tremula x alba  3 month old 
pale rose 
coloration 
= - ND ND [69] 
asCOMT Populus tremula x alba  
2 year old field-
grown 
no = - ND ND [70] 
asCOMT Populus tremula x alba  
4 year old field-
grown 
pale rose 
xylem 
= - ND ND [71] 
asCOMT Nicotiana tabacum  
3 months old 
stems 
ND = - ND ND [72] 
asCOMT Medicago sativa 
 
stems, 6th-9th 
internodes 
no -29% - = = [56] 
CA
D
 
cad-c 
Arabidopsis thaliana Ws 
dried mature 
stems 
no = = 
ND ND [32] 
cad-d no -6% - 
cad-c cad-d Arabidopsis thaliana Ws 
Dried mature 
stems 
purple 
coloration 
- - ND ND [73] 
asCAD Populus tremula x alba 
 
3 month old 
greenhouse 
grown 
colored 
xylem 
= = ND ND [74] 
unchanged 
growth 
asCAD Populus tremula x alba  
2 year old field-
grown 
red xylem - = ND ND [70] 
asCAD Populus tremula x alba  
4 year old field-
grown 
red xylem - = ND ND [71] 
asCAD Nicotiana tabacum  
2.5 months old 
stems 
pink-red 
xylem 
= - ND ND [62] 
asCAD Nicotiana tabacum  75 day old stems 
red-brown 
xylem 
= - ND ND [75] 
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The formed monolignols are relative unstabile compounds that are likely toxic for the cells when they 
accumulate to high amounts. Glucosylation of the phenolic hydroxylgroup has a stabilizing and 
detoxifying function [33]. It is suggested that these monolignol glucosides serve as storage form for their 
aglycones, or as transport forms of the monolignols to translocate these from the cytoplasm, where they 
are synthesized, to the apoplast where they polymerize into lignin, although no experimental proof is 
available (Fig. 1.6a). Transcriptomics of an extensive set of Arabidopsis lignin mutants (the same set as 
studied in Chapter 4) suggested that monolignol glucosides act only as storage forms, stored in the 
vacuole, and contradict the idea that they are needed for transport to the cell wall [31]. Recently an ABC 
transporter was identified that specifically pumped p-coumaryl alcohol from the cytosol across the 
plasma membrane [76]. 
Although it is poorly understood how monolignols are transported from the cytoplasm to the apoplast, it 
is generally accepted that peroxidases dehydrogenate the monolignols to monolignol radicals. However, 
recently it has been demonstrated that also laccases, and more specifically LAC4 and LAC17, contribute 
to the constitutive lignification of Arabidopsis stems [77]. The monolignols are activated via oxidative 
radicalization at the O-4-position. Due to electron-delocalization through the conjugated system, the 
radical can be positioned at different places of the monolignol (Fig. 1.6a). Combinatorial coupling occurs 
between two monolignol radicals and between the monolignol radical and the radicalized end of the 
growing lignin polymer. As such, different bonding types are made in the lignin polymer. The most 
frequent inter-unit linkage is the β−O−4-ether bond. This type of bonding is the only one that can be 
readily and diagnostically broken and the cleavage forms the basis for analytical methods like 
thioacidolysis. In addition, the end-wise radical coupling of new monolignols to the growing lignin 
polymer gives rise to β−5 (coumaran) bonds. Also two monolignols can dimerize prior to addition to the 
growing lignin polymer. This coupling of two monolignols is a minor event but results in β‒O‒4, β‒5, and 
additional in β‒β (resinol) bonds [22,78,79]. The coupling of two oligolignols can result in 4‒O‒5 and 5‒5 
bonds (Fig. 1.6b). The frequency of the different linkages depends largely on the abundance of the 
different monolignols available in the apoplast. For example, a higher abundance of coniferyl alcohol, 
with the accessible C5-position, will end up in a lignin polymer with more chemically resistant β‒5, 5‒5, 
and 4‒O‒5 bonds. 
Finally, it must be pointed out that lignin is a flexible polymer that can integrate a variety of phenolics, 
other than the three main H, G, and S units. For example, plants deficient in CCR incorporate ferulic acid 
into the lignin polymer [61,80]. Downregulation of COMT will result in the incorporation of 5-
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hydroxyconiferyl alcohol [68,69,81-83], and cinnamaldehydes incorporate in CAD-deficient plants 
[84,85]. 
 
Lignin regulation 
Transcriptional regulation of the lignin pathway is very complex but tremendous progress has been made 
in the last decade. The first breakthrough in understanding how lignin biosynthesis was coordinately 
regulated was the discovery that AC elements are present in the promoters of most of the lignin 
biosynthetic genes [26]. Exceptions were the promoters of C4H, F5H, and COMT. Later it was found that 
C4H and COMT promoters contain more degenerated AC elements [86] and were therefore not picked 
up by the bioinformatic analyses of Raes et al. [26]. Regulation of F5H is distinct from the other 
phenylpropanoid genes and requires, at least, a positive regulatory element in the downstream 3’ 
region, at least in Arabidopsis [87]. 
In the meantime, many transcription factors have been identified and characterized that regulate the 
genes of the phenylpropanoid pathway leading to lignin. NAC domain transcription factors (SND1, and its 
close homologs, NST1, NST2, VND6, and VND7) work as the first layer of master switches leading to the 
activation of the biosynthetic genes of cellulose, hemicelluloses, and lignin. They regulate a number of 
downstream transcription factors involved in secondary cell wall biosynthesis. Among them, MYB46 was 
found as a direct target of SND1 and acts as a second layer of lignin-specific master switches [88]. 
Downstream targets of MYB46 are MYB58 and MYB63 that are direct transcriptional activators of the 
lignin biosynthesis. Besides MYBs, two transcription factors, LIM1 and ACBF, are able to bind to AC 
elements and hence are potential regulators of the lignin biosynthesis although their regulatory 
functions still has to be proven [89]. 
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Figure 1.6: a: Overview of lignin distribution, biosynthesis, and structure. b: Illustration of the different bonds that can occur in 
the lignin polymer. Figures are taken from [78]. 
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BIOFUELS AS AN ALTERNATIVE FOR FOSSIL FUELS 
Global warming, depletion of fossil carbon sources, and hence increasing oil prices are responsible for 
the increasing demand for alternative energy sources. Besides wind and solar energy, an alternative is 
necessary for liquid fuels. Producing biofuels from the sugar-fraction of plants is such an alternative 
approach. The US Department of Energy (DOE) released in 2006 its roadmap aiming to reach the goal of 
supplying 30% of the US motor vehicle gasoline from cellulosic ethanol [90]. In addition, the European 
Union obligated every member state to use 5.6% biofuels in transport by 2020 [91]. 
 
First generation biofuels versus second generation biofuels 
First generation biofuels are nowadays produced commercially with a production of 50 billion liters 
annually [92]. First generation bioethanol is produced from easy accessible sugars in grains (mainly corn 
kernels) or sugarcane, under the form of starch and sucrose, respectively, and biodiesel is produced from 
oilseeds. However, there are a few drawbacks on producing and using first generation biofuels. The main 
disadvantage of first generation biofuels is the food-versus-fuel competition [93]. In addition, first 
generation crops are available in limited volumes that do not make them serious replacements for 
petroleum [94], and the production of first generation biofuels has a questionable carbon and energy 
balance [95]. 
Second generation biofuels are produced from lignocellulosic biomass that is now considered as a low-
cost agricultural waste-stream or that is specially grown as feedstock for biofuel production. In the latter 
case, fast growing grasses and woody crops like poplar are promising renewable resources as these crops 
can grow on marginal lands and need no or less fertilizer. After harvesting, the remaining roots in the 
ground sprout again, thereby avoiding annual replanting and its concomitant costs for seed, machines, 
and working hours. The potential carbon-balance is suggested to be much better for biofuels generated 
from these crops compared to first generation biofuels.  For example, bioethanol production from 
woody crops results in a greenhouse gas (GHG) emission of 17 g CO2 Eq. MJ
-1 and requires an energy 
balance of 0.35. In contrast, first generation bioethanol production from wheat or sugarbeet results in a 
GHG emission of 56 and 62 g CO2 Eq. MJ
-1, respectively, and energy balances of 0.70 and 0.73, 
respectively [95]. 
It should also be mentioned that third generation biofuels (e.g. algae and cyanobacteria) and fourth 
generation biofuels (e.g. biohydrogen and bioelectricity using photosynthetic mechanisms) are also 
being explored [94]. 
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The production of second generation biofuels 
There are different routes available for the production of liquid biofuels from lignocellulosic biomass 
(Fig. 1.7).  
 
 
 
 
 
 
 
 
 
Figure 1.7: Schematic representation of different routes for the production of second generation biofuels from lignocellulosic 
biomass. FT: Fisher-Tropsch. Figure adapted from [92]. 
 
Thermochemical processing of lignocellulosic biomass involves heating of the biomass in the presence of 
different concentrations of oxygen. This conversion process results in the production of syngas, which 
consists primarily of hydrogen and carbon monoxide. This syngas can then be further processed to other 
gasses or liquid products. During gasification, biomass is heated at very high temperatures (up to 1300°C) 
in the presence of air, oxygen, or steam. The produced syngas can be converted by the Fisher-Tropsch 
process, resulting in Fisher-Tropsch oil (FT-oil) [96]. In contrast, pyrolysis is the thermal degradation of 
biomass by heat but in the absence of oxygen and produces charcoal, bio-oil, and fuel gaseous products. 
 
The biochemical conversion of lignocellulosic biomass is based on microbial and enzymatic processing of 
sugars into alcohol. The plant cell wall polysaccharides, comprising mainly cellulose and hemicelluloses, 
are hydrolyzed into fermentable sugars. This process, called saccharification, proceeds with the help of 
cocktails of cellulases and hemicellulases [97,98]. However, most cell walls, particularly secondary-
thickened ones, contain lignin [22,99] that limits access to polysaccharides for enzymatic degradation 
[100]. To overcome this bottleneck, lignocellulosic plant biomass is pretreated chemically and/or 
mechanically to degrade lignin, thereby loosening the rigid cell wall structure and exposing cellulose and 
hemicelluloses for saccharification [101]. The pretreatment step is, together with the enzymes, one of 
the costliest in the biomass-to-biofuel conversion process. In addition to lignin, several other cell wall 
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parameters affect the saccharification potential, for example cellulose crystallinity and hemicellulose 
structure [102-104]. However, the factors that determine cell wall recalcitrance are still largely unknown 
[105]. Once the sugars are liberated from the cell wall, they are further fermented by yeast to produce 
ethanol. After distillation, the purified ethanol can be blended with fossil fuels to drive motor vehicles. 
Special adapted Flexibel Fuel Vehicles can use a gasoline/bioethanol mixture that contains up to 85% 
bioethanol (E85) [106]. The three parts of the biochemical conversion process (pretreatments, 
saccharification, and fermentation) will be discussed below. 
 
Pretreatments  
Prior to saccharification, biomass recalcitrance is lowered by applying pretreatments. There are multiple 
ways of pretreatments using a variety of chemicals, temperatures, pressure, and/or reaction times. 
Some pretreatments do not alter the composition of the biomass but only impact the particle size of the 
biomass, whereas others have the purpose of extracting hemicelluloses or lignin or both. Pretreatments 
can be divided into different classes: physical, physicochemical, chemical, and biological pretreatments. 
During this dissertation two physical pretreatments were used: chopping (for Arabidopsis) and ball 
milling (for poplar). In addition, diverse chemical pretreatments were used: dilute acid and alkali 
pretreatments. For practical reasons, we choose to perform pretreatments that included simple 
extractions at ambient temperatures and did not require high pressure. 
Acid pretreatments use concentrated or diluted acids like hydrochloric acid, phosphoric acid, or nitric 
acid. The most commonly used acid is sulfuric acid. Hemicelluloses are removed and hydrolyzed during 
an acid pretreatment. Consequently, the following enzymatic hydrolysis step is not entirely required as 
the acid itself already partially hydrolyses the biomass into fermentable sugars. However, extensive 
washing is necessary prior to fermentation because the degradation of hemicelluloses will also result in 
fermentation inhibitors like furfural and hydroxymethyl furfural. 
Alkali pretreatments use bases such as sodium, potassium, calcium, or ammonium hydroxide. In general, 
an alkali pretreatment will dissolve and alter the lignin polymer, but also decrystallize cellulose and 
partially solve hemicelluloses. The reaction conditions for alkali pretreatments are usually less severe 
than other pretreatments, with ambient temperatures but longer reaction times. During alkali 
pretreatment, inhibitors are also formed and therefore a neutralizing step is required before the 
enzymatic hydrolysis step [107,108]. 
Table 1.2 gives an overview of the different pretreatments and their effect on biomass composition. 
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Table 1.2: Overview of the different pretreatments and their effect on biomass composition. x: mild effect; xx: strong effect; ND: 
not determined. 
 
class pretreatment 
decrystallization 
of cellulose 
removal of 
hemicelluloses 
removal 
of lignin 
alteration of 
lignin 
structure 
reference 
physical chopping 
    
[107] 
 
milling xx 
   
[107] 
 
irradiation xx 
   
[109,110] 
physicochemical steam explosion 
 
xx x x [109,111] 
 
AFEX xx x xx xx [112,113] 
 
liquid hot water ND xx 
 
x [114,115] 
chemical dilute acid 
 
xx 
 
xx [112,113,116] 
 
NaOH xx x xx xx [109,113] 
 
ammonia 
  
xx 
 
[117] 
 
lime ND 
 
xx xx [112,113,118,119] 
 
organosolv 
  
xx 
 
[109,112,120] 
 
supercritical fluid 
  
xx 
 
[113] 
 
oxidative 
 
x xx 
 
[121] 
biological fungal enzymes 
  
xx 
 
[107] 
 
Saccharification 
Saccharification is the process where the plant cell wall polysaccharides (cellulose and hemicelluloses) 
are hydrolyzed into their composing sugar monomers. This hydrolysis is mediated by enzymes. Due to 
the relative simple structure of cellulose, only three enzyme classes are necessary for its hydrolysis: 
endoglucanases, exoglucanases, and β-glucosidases [122]. Hemicelluloses are far more complex in their 
composition and hence a broader range of enzymes is required for the hydrolysis, including xylanases, 
mannanases, arabinofuranosidases, galactosidases, and multiple esterases [123]. In this dissertation, we 
focused only on the hydrolysis of cellulose. Therefore a mix of cellulases (i.e. endo- and exoglucanases) 
and β-glucosidase was used. However, one of the limitations for the commercial production of cellulosic 
ethanol is the high enzyme costs. Therefore, reducing both the cost and the amount of enzymes required 
for biomass hydrolysis is necessary [124]. 
 
Fermentation 
There are already diverse strains of microorganisms available that can convert the released sugars upon 
saccharification into alcohols. In addition to Saccharomyces cerevisiae, organisms such as 
Thermoanaerobacterium saccharolyticum and Clostrididium thermocellum are being significantly 
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improved for applications. However, these organisms are only able to convert hexoses into ethanol while 
pentoses can represent up to 40% of the total sugars in lignocellulosic biomass [125]. There exist natural 
xylose-fermenting yeasts, such as Candida shehatae [126], Candida parapsilosis [127], Hansenula 
polymorpha [128], or Pichia stipitis [129]. However, these natural xylose-fermenting organisms have a 
low product tolerance, require long fermentation periods, and produce a considerable amount of 
byproducts, making them currently unsuitable for commercial use [130]. The metabolization of xylose 
occurs through the actions of xylose reductase (XR) and xylitol dehydrogenase (XDH). Recombinant 
Saccharomyces cerevisiae carrying heterologous XR and XDH from P. stipitis successfully fermented 
xylose into ethanol [131]. 
 
STRATEGIES FOR IMPROVED SACCHARIFICATION YIELD 
As it was shown that lignin is a major factor determining saccharification yield [100], reducing lignin 
content became a potential strategy to improve the saccharification yield. Because the lignin 
biosynthesis pathway is well described, disrupting this pathway by genetic engineering could lead to the 
desired reduced lignin content. However, drastic reductions in lignin content can have a dramatic effect 
on plant growth and development [132]. Therefore, an alternative approach to improve saccharification 
yield is by modifying the lignin composition to obtain a lignin polymer that is easier degraded or 
extracted during pretreatments [133]. It has been shown that plants can tolerate a large shift in lignin 
composition and that they can even incorporate novel phenolic monomers, like pathway intermediates 
such as ferulic acid, 5-hydroxyconiferyl alcohol, or cinnamaldehydes [80,82,84]. 
Arabidopsis can be used as a model system to study the effect of cell wall modifications, more 
specifically lignin reduction and altered lignin composition, on saccharification yield. The generated 
knowledge could then be transferred to commercial crops that are industrially more relevant for biofuel 
production, like poplar. In addition, greenhouse experiments are only the first indicators for a potentially 
improved saccharification yield in genetically modified plants. Field trials studies are essential to transfer 
lab-generated knowledge to the industry. 
 
FIELD TRIALS FOR BIOFUEL APPLICATIONS 
Field trials are an essential step in transferring fundamental knowledge generated in the lab to 
conditions closer to industrial exploitation. Greenhouse-derived data cannot a priori be extrapolated to 
field-grown trees without experimentation. For example, greenhouse-grown trees do not experience the 
annual cycles of growth and dormancy, implying that they continuously develop a relatively large zone of 
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lignifying – i.e., not fully lignified – xylem, whereas xylem of field-grown trees matures and becomes 
structurally different at the end of the season. Furthermore, field trials allow growing the trees as short-
rotation coppice, a practice that is preferred when trees are cultivated for bioenergy purposes [134]. 
Publicly accessible databases worldwide reveal that more than 700 field trial applications with GM trees 
(including forest trees, fruit trees, and wood perennials) have been made [135] but data on very few field 
trials have been published [136]. This can be explained by the amount of time and effort that is needed 
to set up a field trial, which is often not compatible with the duration of research funding. In addition, 
the extensive regulatory burden retards field testing of GM trees [135,136]. The number of publications 
on field-grown lignin deficient species is limited (Table 1.3). For biofuel applications, there is only one 
field trial published, with transgenic 4CL-downregulated poplar, but no improvement in saccharification 
efficiency was observed [137], whereas ArborGen, a biotechnology company, presented results from 
field-grown C4H-deficient eucalyptus with an improved saccharification yield [138]. 
 
Table 1.3: Overview of published field trials with lignin-deficient plants. The “purpose of field study” describes what is analyzed 
by growing lignin-deficient plants in the field. * These references describe the generation/set up of a field trial with lignin 
deficient plants but the results are still to come. 
 
reference species lignin gene purpose of field study  remark 
[139] eucalyptus C4H generation of GMO *  
[138] eucalyptus C4H cell wall composition, Saccharification  ArborGen-presentation 
[137] poplar 4CL saccharification   
[140] poplar 4CL growth, biomass  PhD thesis 
[141] poplar CCoAOMT pulping   
[61] poplar CCR pulping   
[142] poplar CCR saccharification   
[138] eucalyptus F5H lignin composition, pulping  ArborGen-presentation 
[71] poplar COMT pulping   
[143] switchgrass COMT biomass, cell wall composition, saccharification, 
bioethanol, rust disease susceptibility * abstract congress 
[144] poplar COMT leaf litter   
[71] poplar CAD pulping  
 
[144] poplar CAD leaf litter   
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                    Chapter 2              
 
 
 
 
 
 
 
 
 
Objectives of research 
 
 
 
 
 
 
 
 
 
“What you do makes a difference, and you have to decide what kind of 
difference you want to make.” 
(Jane Goodall, 1934 - …)
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Due to global warming and depletion of fossil fuels, the need for alternative renewable and sustainable 
biofuels is increasing. Nowadays, bioethanol is mainly produced from freely accessible sugars from 
sugarcane or corn. However, the production of these first generation biofuels suffers from questionable 
carbon and energy balances. In addition, the food-versus-fuel debate makes the use of lignocellulosic 
biomass for biofuel production more attractive. The secondary-thickened cell walls of lignocellulosic 
biomass are composed of cellulose, hemicelluloses, and lignin. During the production of biofuels, the 
polysaccharides are hydrolyzed into their fermentable monosaccharides, a process called 
saccharification. However, the presence of lignin limits the accessibility of the hydrolyzing enzymes 
toward the polysaccharides. 
 
The objectives of this PhD are triple.  
First, although the lignin biosynthetic pathway is already well studied, improving our knowledge on the 
biosynthesis of lignin and, more specifically, its interaction with the other cell wall polymers is necessary. 
We suggest that Arabidopsis can be used as a model system to study the pleiotropic effects of lignin 
modifications that would increase the fundamental knowledge on cell wall biosynthesis. Such a systems 
biology approach in Arabidopsis is described in chapter 3. In addition, a systems biology approach in 
Arabidopsis will allow us to determine the cell wall recalcitrance factors for saccharification. For this 
purpose, in chapter 4 a set of Arabidopsis lignin mutants is analyzed for their cell wall composition and 
saccharification yield. Based on the generated data we hypothesize that Pearson correlations and 
statistical models among the different cell wall parameters and saccharification yield can be build that 
describe the saccharification yield as a function of the different cell wall parameters. At the end of 
chapter 4 a new software platform is described that uses nuclear magnetic resonance (NMR) spectra for 
plant cell wall profiling. To test this new software, the same set of lignin mutants is used to compare the 
outcome of the software platform applied on the NMR spectra, specifically for the lignin composition, 
and the wet-chemistry lignin composition data, as described in the beginning of chapter 4. 
Second, the secondary cell wall composition is suggested to influence the saccharification yield and 
hence bioethanol production. Lignin-deficient CCR-downregulated poplars have an improved 
saccharification yield when grown in the greenhouse. However, field trials are necessary for transferring 
fundamental knowledge generated in the lab to conditions closer to industrial exploitation. Therefore, 
CCR-downregulated poplars are grown in two independent field trials in Belgium and France and 
analyzed for their saccharification yield and bioethanol production. The results are given in chapter 5. In 
addition, the French field trial also includes CAD-deficient poplars. For these transgenic trees it was 
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shown that less alkali is required for the removal of lignin in pulping experiments. This characteristic 
makes CAD-deficient poplars potential substrates for improved bioethanol production. In chapter 6, 
saccharification yields are determined for these CAD-downregulated poplars. 
Third, we want to illustrate that in addition to genetic engineering approaches, the genetic diversity in 
poplar germplasm can be used to identify rare defective alleles in natural poplar populations. Natural 
mutants can then be used in breeding programs to combine different beneficial traits, for example 
improved growth and saccharification yield. In chapter 7 we show that next-generation sequencing 
revealed such a natural poplar mutant with a premature stop codon in HCT. This homozygous mutant is 
characterized at different levels, e.g. lignin composition, and compared to heterozygous and wild-type 
poplars. 
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Chapter 3              
 
  
 
 
 
 
 
 
 
Systems biology in 
Arabidopsis 
 
 
 
 
 
 
“Science may be described as the art of systematic oversimplification.” 
(Karl R. Popper, 1902-1994) 
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 This work resulted in a published paper, Trends in Biotechnology 2010, 28:543-547: 
“Potential of Arabidopsis systems biology to advance the biofuel field.” 
 
Vanholme R., Van Acker R. and Boerjan W. 
 
My contributions to this paper are: 
- Providing saccharification data for Figure 3.1 
- Help in writing the manuscript 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Background picture is a correlation matrix based on transcriptomics and metabolomics, taken from 
Vanholme et al. [1]. 
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ABSTRACT 
Plant biomass is a renewable and potentially sustainable resource for the production of liquid biofuels 
and a multitude of bio-based materials. To tailor plants for biofuel production, a powerful gene discovery 
program targeted to cell wall recalcitrance genes is needed. In parallel, a system is required that reveals 
the pleiotropic effects of gene modifications and that delivers the fundamental knowledge necessary for 
successful gene stacking. In our opinion, these objectives can be pioneered through a systems biology 
approach in Arabidopsis. We develop our ideas with a focus on the lignin biosynthetic pathway, because 
lignin is among the most important factors determining cell wall recalcitrance. 
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INTRODUCTION 
Global warming and increasing oil prices have catalyzed a worldwide trend to use plant biomass as a 
source for biofuels and bio-based materials. It has been estimated that only 3.2% of the surface of the 
land can produce sufficient amounts of plant biomass to provide the current world energy needs [2]. 
Plant biomass can be processed into liquid biofuels via the conversion of plant cell wall polysaccharides, 
comprising mainly cellulose and hemicelluloses, into fermentable sugars. This process, called 
saccharification, proceeds with the help of cocktails of cellulases and hemicellulases (Fig. 3.1) [3,4]. 
However, most cell walls, particularly secondary-thickened ones, also contain lignin [5,6], an aromatic 
polymer that rigidifies the plant tissues, but also limits access to polysaccharides for enzymatic 
degradation [7]. To overcome this bottleneck, lignocellulosic plant biomass is pretreated chemically 
and/or mechanically to degrade lignin, thereby loosening the rigid cell wall structure and exposing 
cellulose and hemicelluloses for saccharification [8]. The pretreatment step is one of the costliest in the 
biomass-to-biofuel conversion process. In addition to lignin, several other cell wall parameters affect the 
saccharification potential, for example cellulose crystallinity and hemicellulose structure [9-11]. 
However, the factors that determine cell wall recalcitrance are still largely unknown [12]. 
Biotechnology holds great promise to tailor plants for optimized conversion to biofuels. Numerous 
studies have already shown that altering cell wall composition through genetic engineering can lead to 
improved biomass processing [5,7,10,11,13-17]. However, studies have also noted that the outcome of 
genetic modification is not always in agreement with the existing knowledge on the perturbed process 
[18-20], and that these modifications often have far-reaching effects on other biochemical pathways and 
processes than those targeted [21-24]. Particularly when taking gene stacking (Fig. 3.2) into account, 
these unpredictable effects might be exacerbated [13,14,25]. Clearly, fundamental insight into these 
wider (pleiotropic) effects of gene modification and how genes and pathways interact in complex genetic 
networks is essential for rational engineering of plant cell walls. A systems biology approach in which 
consecutive genes in a pathway affecting cell wall recalcitrance are perturbed and the corresponding 
mutants phenotyped at multiple levels will provide this fundamental knowledge. At the same time, 
systems biology will surface as a powerful gene discovery tool to define genes closely involved in the 
perturbed process. A similar systems approach has already shown its merits in studying glucosinolate 
biosynthesis [26,27]. We will first qualify why Arabidopsis is a relevant model system to study cell wall 
recalcitrance, and then develop our ideas on the potential of Arabidopsis systems biology, using lessons 
from lignin pathway perturbations.  
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ARABIDOPSIS: A MODEL FOR BIOFUEL CROPS 
Arabidopsis can be used as a model system to discover the genes and genetic networks that determine 
the saccharification potential of lignocellulosic biomass [10,11,28]. Numerous cell wall biosynthetic 
mutants are described in the literature [29-31], and own analyses have demonstrated that senescent 
Arabidopsis inflorescence stems from low lignin mutants such as cinnamoyl-Coenzyme A (CoA) 
reductase1 (ccr1) and 4-coumarate:CoA ligase1 (4cl1) [32,33] are easier to saccharify than stems of wild-
type plants (Fig. 3.1; see also chapter 4). In addition, the woody trunks of transgenic poplars defective in 
the orthologous CCR gene were also improved in saccharification potential (Fig. 3.1; see also chapter 5) 
[34,35]. Similar results were obtained in transgenic alfalfa lines with altered lignin content [7,19], 
indicating the feasibility of translating cell wall research from Arabidopsis to commercial crops. With 
gene stacking in mind, the use of Arabidopsis allows for testing the combined influence of multiple 
mutations/transgenes through double and triple mutants/transgenics much faster than can be achieved 
in most commercial crops and without the confounding effects of different genetic backgrounds. Lastly, 
the existing Arabidopsis mutant collections and natural accessions [36] are the best-available genetic 
bases to reveal, through systems biology, how mutations in cell wall recalcitrance genes affect 
biosynthesis in other metabolic and developmental processes – information that will be crucial for the 
rational design of bioenergy crops. 
 
SYSTEMS BIOLOGY: LESSONS FROM LIGNIN PATHWAY PERTURBATION 
The term ‘systems biology’ has various meanings. In this concept, systems biology stands for the study of 
the consequences of pathway perturbations, visualized at the transcript, protein, metabolite, and 
phenotype levels, followed by computational analysis of the data and mathematical modeling of the 
underlying network [37]. Such studies are mostly meaningful in model organisms, such as Arabidopsis, 
because a maximum number of the molecular components of the system (e.g. genes, proteins, and 
metabolites) is known, only in these select species. 
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Figure 3.1: Lignin affects saccharification potential. Plant cell walls consist mainly of polysaccharides (cellulose and 
hemicelluloses) and lignin. The polysaccharides can be enzymatically hydrolyzed into monomeric sugars (a process called 
saccharification) that can be fermented into biofuels, such as bioethanol. However, lignin limits access to the polysaccharides, 
thereby inhibiting the saccharification process. To overcome this hurdle, a pretreatment (typically a combination of high 
temperatures and chemicals) is used to disrupt the cell wall structure. Biomass from plants that deposit less lignin, or lignin that 
is easier to degrade, is more efficiently saccharified. In this example, reduction of the lignin amount increased the 
saccharification potential (expressed as a percentage of total cellulose hydrolyzed to glucose) approximately twofold and 
fourfold for 4cl1 and ccr1 mutants of Arabidopsis, respectively (see also chapter 4). 4cl1 mutants have a wild-type appearance, 
whereas ccr1 mutants are affected in biomass yield. Similarly, the downregulation of the orthologous CCR gene in poplar 
resulted in less lignin and an approximately 50% increase in saccharification potential (see also chapter 5). These preliminary 
results also indicate that cell wall phenotypes in the weedy model species Arabidopsis can be translated to commercial crops, 
such as alfalfa [7] and poplar, as shown here. 
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Figure 3.2: With gene stacking, several beneficial traits are combined into a single bioenergy crop. In this example, a gene that 
leads to reduced lignin content in the cell wall is combined or ‘stacked’ by crossing, co-transformation, or re-transformation 
with genes that augment biomass yield [13,14,25]; the end is a plant with the combined beneficial traits.  
 
Gene discovery 
A limited number of studies on the molecular echo of lignin pathway perturbations have already 
provided a glimpse of the potential behind such a systems biology approach [21-24,34]. For example, 
transcript profiling demonstrates that a mutation in a single lignin biosynthesis gene can affect the 
expression of several other genes of the exact same biosynthetic pathway [18,19,21,24]. This implies 
that within the same differential data set, novel genes (such as biosynthetic genes and transcription 
factor genes), with hitherto unknown functions, emerge as potential components of lignin biosynthesis 
by the guilt-by-association principle, a principle based on the observation that genes involved in the 
same cellular process are often co-expressed (‘associated’) under different conditions (e.g. tissues, 
stresses, or genotypes) [38-40]. Profiling a single mutant provides a list of genes that are all equally likely 
to be closely involved in the perturbed process; however, profiling a series of mutants with perturbations 
in consecutive steps of the same pathway will allow us to select those that are affected by multiple 
mutations as the prime candidates for a role in lignin biosynthesis. The more perturbations of the very 
same process – and preferentially in the same tissue – the higher the information content of the data set 
and the greater the chance that new genes closely associated with the perturbed system will be 
identified. 
Each of these newly identified genes has the potential to affect saccharification potential upon altered 
expression in plants, making systems biology an alternative gene discovery tool to forward genetics, in 
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which mutant collections and natural accessions are systematically screened for saccharification 
potential. Forward genetics is also becoming an attractive gene identification tool, now that sequence-
based gene identification and association mapping have surpassed tedious map-based cloning procedure 
[41,42]. However, in contrast to the systems approach that delivers genes closely involved in the 
perturbed process, forward genetics will identify cell wall recalcitrance genes in an unbiased way and the 
causal genes will probably be involved in a plethora of processes. Both approaches are thus 
complementary. 
 
System-wide effects 
Although the observation that perturbation of one gene of the lignin pathway affects the expression of 
other genes of the same pathway is not unexpected, it provides novel insight into the regulation of the 
lignin biosynthetic pathway [18,21,24]. This regulatory information is often underrepresented in the 
scientific literature. Indeed, strategies to alter lignin content or composition in plants have hitherto 
relied on textbook pathways, without taking regulatory feedback loops into account. Understanding 
these regulatory feedback loops will help explain the unexpected consequences of lignin engineering and 
allow more informed strategies for cell wall engineering. 
Studies on perturbations of the lignin pathway have also highlighted that, in addition to the effects on 
the lignin pathway itself, the perturbations affect biochemical pathways and biological processes for 
which a link to lignin biosynthesis is not obvious. For example downregulation of the phenylalanine 
ammonia lyase1 (PAL1) or PAL2 gene in Arabidopsis results in far-reaching effects on carbohydrate and 
amino acid metabolism [21]. Both mutants have a reduced lignin content, but no obvious phenotypes at 
the whole-plant level. These transcriptional and metabolic responses reflect how plants adapt to the 
genetic defect. In other mutants in which the reduced lignin content is associated with adverse effects 
on plant development (e.g. ccr mutants [24,32-34]), deep phenotyping will help uncover the molecular 
basis for these pleiotropic effects. Rationalizing further on this topic, the very same systems approach 
might help in identifying target genes that mitigate these wider and potentially unwanted effects on 
plant performance. Again, such information is of crucial importance for tailoring bioenergy crops. 
 
Pathway discovery 
Systems biology also provides great opportunities for pathway discovery and engineering. Lignin 
pathway perturbations have been reported to result in the accumulation of aromatic metabolites that 
are otherwise below the detection limit in wild-type plants [21,24,33,34,43-47], hence revealing fluxes 
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into pathways that remain silent in wild-type plants. Transcript profiling of the same mutants holds 
promise toward discovering the biosynthetic genes, and altering expression of these genes might have 
interesting applications. For example, metabolite profiling of CCR-deficient plants (e.g. Arabidopsis, 
tobacco, poplar), which were designed to reduce lignin content in the cell wall, has revealed the 
unintentional accumulation of ferulic acid-derived metabolites in mutant stem tissues [32,34]. 
Interestingly, in these plants, part of the ferulic acid is exported to the cell wall where it is incorporated 
into the lignin polymer, leading to acetal bonds that are barely detectable in lignin of wild-type plants 
[48]. These bonds are easily cleaved in mild acid solutions, which comprise the basis of many 
pretreatment processes. Hence, boosting the biosynthesis of ferulic acid and its export to the cell wall by 
pathway engineering might be a good strategy to increase the value of bioenergy crops. The principle of 
shipping alternative lignin monomers to the cell wall to improve lignin degradation has been mimicked 
by feeding maize cell walls with a monolignol analog, such as coniferyl ferulate; this molecule is 
incorporated into lignin, resulting in a polymer that is degradable at much lower temperatures and lower 
amounts of chemicals [49,50]. 
 
LIMITATIONS AND BOTTLENECKS OF APPLYING ARABIDOPSIS SYSTEMS BIOLOGY 
The power of systems biology depends on the depth of phenotyping of all components of the system 
(e.g. metabolites, proteins, and transcripts). However, most of these components are still unidentified. In 
Arabidopsis, the molecular function, biological process, or cellular compartment of approximately 30% of 
the genes is known and an additional 40% have mere experimental annotations in The Arabidopsis 
Information Resource (TAIR: www.arabidopsis.org). The situation is worse with respect to metabolites, 
even in the Arabidopsis model. Of the estimated 10000 metabolites in Arabidopsis [51], only 
approximately 1000 have been structurally resolved [52-54]. There is an urgent need for an international 
effort in metabolite identification to enrich the information content of systems databases [54-56]. With 
regard to the most important cell wall recalcitrance factor, namely lignin, this effort should result in a 
complete catalog of the aromatic metabolites derived from the phenylpropanoid and monolignol 
biosynthetic pathways and in analytical tools to study how these monomers can potentially co-
polymerize in the cell wall [57,58]. 
In addition to phenotyping at the transcript, metabolite, and protein levels, phenotyping at the cellular, 
subcellular, and physiological levels becomes increasingly important. Regarding biofuel applications, 
multi-level phenotyping of the cell wall composition, structure, and quality (via, for example, cell wall 
proteomics, whole cell wall NMR, UV microspectrometry, and saccharification assays) is crucial to draw 
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correlations and causal connections between the perturbed molecular processes, on the one hand, and  
the quality of the biomass, on the other [59]. Hence, comprehensive phenotyping platforms will become 
essential tools to move forward in the design of better bioenergy crops [60]. 
 
CONCLUDING REMARKS 
In the short term, systems biology approaches will undoubtedly provide fundamental insight into the 
complex interactions within and among individual pathways and will deliver new genes to reduce cell 
wall recalcitrance. In the long term, the data generated through systems biology should allow modeling 
of the system and predicting the consequences of genetic engineering more accurately than is possible 
today. The next step will be to test whether the stacking of genes (Fig. 3.2) will lead to either additive 
effects or the discovery of more complex interactions than could be anticipated from the individual gene 
perturbations. Furthermore, as the outcomes from the Arabidopsis gene engineering are often 
transferable to crops, it is reasonable to assume that effective gene stacking in Arabidopsis will also be a 
good predictor for chances of success in a given crop. 
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Chapter 4              
 
 
 
 
Arabidopsis thaliana 
lignin mutants:  
cell wall composition 
and  
saccharification yield 
 
 
“An experiment is a question which science poses to Nature  
and a measurement is the recording of Nature’s answer.” 
 
(Max Planck, 1858-1947) 
54 
 
This work resulted in a published paper, Biotechnology for Biofuels 2013, 6:46: 
“Perturbation of lignin biosynthesis in Arabidopsis thaliana affects secondary cell wall composition and 
saccharification yield.” 
Van Acker R., Vanholme R., Storme V., Mortimer J.C., Dupree P. and Boerjan W. 
 
The homozygous seed-stocks for the Arabidopsis lignin mutants were available in the lab. 
My contributions to this paper are: 
- Growing the plants 
- Measuring height and biomass 
- Performing cell wall preparations 
- Performing cell wall characterizations 
- Establishing the saccharification protocol 
- Determining the saccharification yields 
- Cell wall characterizations and saccharification yields over development 
- Pearson correlation matrix 
- Writing the article 
Statistics and statistical models explaining saccharification were established by Véronique Storme. 
 
The same set of Arabidopsis lignin mutants was used to evaluate a new software program that 
automatically processes NMR spectra. This new methodology was written down in a pulished paper, 
Biotechnology for Biofuels 2013, 6:45 and can be found at the end of this chapter: 
“Plant cell wall profiling by fast maximum likelihood reconstruction (FMLR) and region-of-interest (ROI) 
segmentation of solution-state 2D 1H-13C NMR spectra.” 
Chylla R.A., Van Acker R., Kim H., Azapira A., Mukerjee P., Markley J.L., Storme V., Boerjan W.  
and Ralph J. 
 
My contributions to this paper are: 
- Growing the plants in sufficient biological replicates and biomass 
- Chopping the fully senesced inflorescence stems in little pieces 
- Comparisons between NMR spectra and wet chemistry data 
 
Background picture is taken from http://picasaweb.google.com/lh/photo/PS595bZbph_zT4ryB6IheA  
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ABSTRACT 
Second generation biofuels are generally produced from the polysaccharides in the lignocellulosic plant 
biomass, mainly cellulose. However, because cellulose is embedded in a matrix of other polysaccharides 
and lignin, its hydrolysis into the fermentable glucose is hampered. We hypothesize that analyzing the 
senesced inflorescence stems of a set of 20 Arabidopsis thaliana mutants in 10 different genes of the 
lignin biosynthetic pathway for cell wall composition and saccharification yield will result in 
saccharification models that delineate which cell wall parameters play a role in cell wall recalcitrance. 
Although lignin is a key polymer providing the strength necessary for the plant’s ability to grow upward, 
a reduction in lignin content down to 64% of the wild-type level in Arabidopsis was tolerated without any 
obvious growth penalty. In contrast to common perception, we found that a reduction in lignin was not 
compensated for by an increase in cellulose, but rather by an increase in matrix polysaccharides. In most 
lignin mutants, the saccharification yield was improved by up to 88% cellulose conversion for the 
cinnamoyl-Coenzyme A reductase 1 (CCR1) mutants under pretreatment conditions, whereas the wild-
type cellulose conversion only reached 18%. The saccharification models and Pearson correlation matrix 
revealed that the lignin content was the main factor determining the saccharification yield. However, 
also lignin composition, matrix polysaccharide content and composition, and, especially, the xylose, 
galactose, and arabinose contents influenced the saccharification yield. Strikingly, cellulose content did 
not significantly affect saccharification yield. 
We found that although the lignin content had the main influence on saccharification, also other cell wall 
factors could be engineered to potentially increase the cell wall processability, such as the galactose 
content. Our results contribute to a better understanding of the effect of lignin perturbations on plant 
cell wall composition and its influence on saccharification yield, and provide new potential targets for 
genetic improvement. 
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INTRODUCTION 
Since the industrial revolution, mankind has exploited fossil energy sources for manufacturing and 
transport. Depletion of petroleum reserves, geopolitical tension, and climate change have increased the 
need for alternative and sustainable sources of energy [1]. One of the potential alternatives, besides 
solar radiation and wind, is lignocellulosic biomass of which the sugar fraction in the secondary cell wall 
(cellulose and hemicelluloses) can be used for the production of liquid biofuels, such as bioethanol [2]. 
However, the enzymatic processing of plant biomass into fermentable sugars, called saccharification, is 
hampered by the complexity of the secondary cell wall structure and the presence of lignin [3]. 
The major component of the secondary cell wall is cellulose, a polymer of 1,4-linked β-D-glucose units, of 
which the largest fraction is organized into microfibrils through inter- and intramolecular hydrogen 
bonds and van der Waals forces. The fraction of the microfibril-bound cellulose is called crystalline 
cellulose to distinguish it from the remaining ‘unorganized’ cellulose, called amorphous cellulose [4]. The 
spaces between individual cellulose microfibrils are largely filled with hemicelluloses that are far more 
complex in sugar composition and linkage types than cellulose. In angiosperms, the major hemicelluloses 
are glucuronoxylans, xyloglucans, and glucomannans [5]. Glucuronoxylans consist of a linear backbone of 
1,4-linked β-D-xylopyranosyl units that are substituted with acetyl and 4-O-methylglucuronic acid side 
chains. Xyloglucans are made of a D-glucose backbone of which 75% of the residues are substituted by D-
xylose. In addition, L-arabinose and D-galactose residues can be attached to the xylose residues [6]. 
Glucomannans occur in minor amounts in the secondary cell wall of hardwoods and are linear chains of 
glucose and mannose residues [5]. The third major type of polymer in the secondary cell wall is lignin. In 
dicotyledonous plants, lignin is mainly made from the monolignols coniferyl alcohol and sinapyl alcohol 
and traces of p-coumaryl alcohol that give rise to guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) units. 
Most of these units are linked via ether bonds (in so-called β–O–4-structures) and carbon-carbon bonds 
[in resinol (β–β), and phenylcoumaran (β–5) structures] [7,8]. The monolignols are synthesized from 
phenylalanine through the general phenylpropanoid and monolignol-specific pathways (Fig. 4.1). After 
the monolignols are transported to the cell wall, they are oxidized by laccases and peroxidases to 
monolignol radicals that then couple in a combinatorial fashion, finally generating the lignin polymer. 
To tailor biomass for improved cell wall deconstruction, a profound knowledge is required of the factors 
that determine the recalcitrance of cell walls to saccharification [9]. One of the major factors causing 
recalcitrance to saccharification is the presence of lignin, as shown in a series of transgenic alfalfa 
(Medicago sativa) lines with variable lignin amount and composition [3] and, later on, in  tobacco 
(Nicotiana tabacum) [10], maize (Zea mays) [11], switchgrass (Panicum virgatum)  [12-14], sugarcane 
57 
 
(Saccharum sp.) [15], sorghum (Sorghum bicolor) [16], brachypodium (Brachypodium distachyon) [17], 
poplar (Populus sp.) [18-21], and eucalyptus (Eucalyptus globulus) [22]. Besides the lignin amount, the 
lignin composition affects saccharification as well [19,22-24]. A few studies also pointed to the influence 
of cell wall polysaccharides: cellulose crystallinity [22,25,26], hemicellulose amount and composition 
[10,26,27], and perhaps xylan branching [28]. Cell wall engineering is complicated by our limited 
knowledge about potential crosstalk between the biosynthetic pathways of the main cell wall polymers. 
For example, several studies have suggested that reduced lignin amount is compensated for by an 
increase in cellulose, as observed in poplars downregulated in 4-coumarate:CoA ligase (4CL) and caffeic 
acid O-methyltransferase (COMT) [29-31]. However, in an in-depth study of a series of lignin-deficient 
Arabidopsis thaliana mutants, no such correlation was found in any of these mutants [32]. 
 
Analyzing the consequences of mutating 10 different genes of the phenylpropanoid and monolignol 
biosynthetic pathways in Arabidopsis, will result in the identification of the factors that contribute to cell 
wall recalcitrance and will illustrate whether lignin deficiency alters the level or composition of cell wall 
polysaccharides. Therefore, we analyzed the mutant set recently presented by Vanholme et al. [32], i.e., 
two mutant alleles each of phenylalanine ammonia lyase (PAL1), PAL2, cinnamate 4-hydroxylase (C4H), 
4CL1, 4CL2, caffeoyl-CoA O-methyltransferase (CCOAOMT1), CCR1, ferulate 5-hydroxylase 1 (F5H1), 
COMT, and cinnamyl alcohol dehydrogenase 6 (CAD6), for the amount and composition of the three 
main cell wall polymers (lignin, cellulose, and matrix polysaccharides) of the senesced inflorescence 
stems. Knocking-out the expression of p-coumarate 3-hydroxylase (C3H) and p-hydroxycinnamoyl-
CoA:quinate/shikimate p-hydroxycinnamoyltransferase (HCT) was sub-lethal for the corresponding 
Arabidopsis mutants, hence for these two genes no mutant lines were included in the collection of lignin 
mutants.  
 
In addition, we developed a small-scale saccharification protocol for Arabidopsis inflorescence stems and 
analyzed whether the altered cell wall composition in the mutants affected the saccharification yield. 
Analysis by whole cell wall Nuclear Magnetic Resonance (NMR) methods provided comparable findings 
on the lignin composition. The high number of mutants and biological replicates allowed us to draw 
correlations among cell wall composition and saccharification yield and to design a statistical model 
explaining saccharification yield as a function of the cell wall composition. 
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Figure 4.1: The grey box contains representations of the phenylpropanoid and monolignol biosynthetic pathways that are 
generally accepted for angiosperms with, in red, indication of the 20 mutant alleles studied. The general phenylpropanoid 
pathway starts with PAL and ends with CCoAOMT, whereas the monolignol-specific biosynthesis starts with CCR.  
 
RESULTS 
Phenotypes of Arabidopsis lignin mutants 
For ten genes of the phenylpropanoid and monolignol biosynthetic pathways, two mutant alleles (pal1-2, 
pal1-3, pal2-2, pal2-3, c4h-2, c4h-3, 4cl1-1, 4cl1-2, 4cl2-1, 4cl2-3, ccoaomt1-3, ccoaomt1-5, ccr1-3, ccr1-6, 
f5h1-2, f5h1-4, comt-1, comt-4, cad6-1, and cad6-4; [32]) were grown in 16 biological replicates in a 
controlled growth room, together with 32 replicates of the wild-type. To compare the cell wall 
composition and saccharification yield, these mutants should ideally develop similarly as the wild-type. 
Because perturbations in the lignin biosynthesis often affected plant growth [33], we first compared the 
59 
 
final height and weight of the primary senesced inflorescence stems of the mutants with those of the 
wild-type (Fig. 4.2 and Supplementary Table 4.1). Most mutants were comparable to wild-type, with a 
few exceptions. As anticipated, developmental defects were noticed for c4h-2, ccr1-3, and ccr1-6, of 
which the final height of their inflorescence stems was reduced by 29%, 83%, and 34% as compared to 
the wild-type, respectively [32,34,35]. Notably, the ccr1-3 mutant had a bushy appearance with a small 
primary inflorescence (that died early) and many secondary inflorescences. The strongest reduction in 
biomass, as measured by the weight of the primary senesced inflorescence stem (without rosette leaves, 
axillary inflorescences, and siliques), was seen for c4h-2, ccr1-3, and ccr1-6, as expected, but also for 
ccoaomt1-3. The weight of their inflorescence stem was reduced by 52%, 77%, 29%, and 31% compared 
to the wild-type, respectively. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Average height (cm) (A) and mass (mg) (B) for wild-type and the 20 Arabidopsis lignin mutants. Dark grey bars 
represent wild-type; light grey bars are not changed compared to wild-type; white bars are significantly changed compared to 
wild-type with p < 0.01 (Dunnett adjusted t-test). Error bars represent standard deviations. 
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Prior to determining the cell wall composition, the senesced inflorescence stems were pooled two by 
two and a crude cell wall residue (CWR) of the dry stems was prepared through a sequential extraction 
with water, ethanol, chloroform, and acetone. The extraction with hot water removes starch and 
cytoplasmatic soluble sugars. Pigments and lipids were extracted with ethanol and chloroform, 
respectively. Although these three extractions already resulted in a quit clean CWR, a fourth extraction 
with acetone was included so that the extracted material was easier to dry. Based on the weight loss by 
this sequential extraction, the dry stem biomass of the wild-type was calculated to be composed of 
approximately 78% CWR (Fig. 4.3 and Supplementary Table 4.1). Similar values were obtained for the 
different mutants, except for ccr1-3 and ccr1-6, which had 14% and 7% less CWR (and thus more 
extractables) than the wild-type. For convenience, all further data are expressed on a CWR basis. 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: The amount of cell wall residue (CWR) that is left over after a sequential extraction with water, ethanol, chloroform, 
and acetone. Dark grey bars represent wild-type; light grey bars are not changed compared to wild-type; white bars are 
significantly changed compared to wild-type with p < 0.01 (Dunnett adjusted t-test). Error bars represent standard deviations. 
 
The general cell wall composition is changed for most Arabidopsis lignin mutants 
The secondary cell wall in plants is mainly composed of three polymers: cellulose, matrix 
polysaccharides, and lignin. The general composition of the cell wall for each Arabidopsis lignin mutant 
and wild-type is visualized in Figure 4.4 (see also Supplementary Table 4.2).  
The cellulose content was measured with the spectrophotometric phenol-sulfuric acid assay, which was 
adapted from Dubois et al. [36] and Masuko et al. [37]. In the adapted protocol, the CWR was hydrolyzed 
with trifluoroacetic acid (TFA) that extracts matrix polysaccharides, but also amorphous cellulose. 
Therefore, the data presented in Figure 4.4 and Supplementary Table 4.2 are estimates of the crystalline 
cellulose fraction. In Arabidopsis mutants deficient in the monolignol-specific pathway, from CCR1 
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through COMT, the decrease in crystalline cellulose content was the strongest for ccr1-3 (-40%) and ccr1-
6 (-21%) whereas the mutant alleles of F5H1 and COMT had reductions of between 14% and 19%. All 
other mutants had similar crystalline cellulose contents to wild-type. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: The general cell wall composition for the 20 Arabidopsis mutant lines and wild-type with the different polymers 
expressed as percentage CWR. Blue: cellulose, red: matrix polysaccharides, green: lignin, purple: rest to obtain 100% CWR. 
Patterned bars are significantly changed compared to wild-type (p < 0.01, Dunnett adjusted t-test). 
 
The mass loss during TFA extraction can be used as an estimate of the amount of matrix polysaccharides 
plus amorphous cellulose. The CWR of the wild-type contained on average 36% matrix polysaccharides 
and amorphous cellulose, which is consistent with previous values [38]. However, mutants in the 
pathway from C4H through CCR1 had an increase in matrix polysaccharide content. Once more, the 
largest effects were noted for c4h-2, ccr1-3, and ccr1-6, with 21%, 31%, and 25% increase compared to 
the wild-type, respectively, whereas it was moderate (between 6% and 11%) for the c4h-3 mutant and 
both mutant alleles in 4CL1, 4CL2, and CCoAOMT1. 
The lignin content was measured spectrophotometrically by the acetyl bromide (AcBr) method, adapted 
for small samples sizes (modified from Dence [39]). Compared to the wild-type, the lignin content of 
both mutant alleles in C4H, 4CL1, CCoAOMT1, and CCR1 had decreased severely. The strongest reduction 
was found for c4h-2 (-59%), c4h-3 (-36%), ccr1-3 (-51%), and ccr1-6 (-52%), whereas it was more 
moderate for the 4cl1 and ccoaomt1 mutants (between 21% and 26%). Surprisingly, f5h1-2 had a slight 
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but significant increase (10%) in lignin content, and f5h1-4 tended to have more lignin, although the 
difference was not significant. 
 
Lignin composition as determined by thioacidolysis 
Besides the lignin content for wild-type and all Arabidopsis lignin mutants, also the composition of the 
lignin polymer was analyzed by thioacidolysis (Table 4.1). Thioacidolysis quantifies the H, G, and S units 
that are uncondensed and linked by β–O–4-ether bonds in the lignin polymer. The sum of H, G, and S is a 
good estimate of the total thioacidolysis yield and, thus, the condensation degree of the lignin polymer. 
The thioacidolysis yields of both mutant alleles of CCR1, ccr1-3 and ccr1-6, were reduced by 76% and 
72%. Less strong (but nevertheless significant) decreases in thioacidolysis yield were noticed for both 
f5h1 and comt mutants and for c4h-2. The H units were barely detectable in the wild-type and comprised 
only 0.5% of the total identified thioacidolysis-released units. Only the lignin in c4h-2 and the two 
mutant alleles of CCR1 had a relative increase in thioacidolysis-released H units. The relative amounts of 
thioacidolysis-released G units (% G units) were reduced in both mutant alleles of C4H, 4CL1, and 
CCoAOMT1 and, except for the ccr1 mutants, increased in other mutants of the monolignol-specific 
pathway. The relative amount of thioacidolysis-released S units (% S units) followed an inverse relation 
with the G units: increased in C4H, 4CL1, and CCoAOMT1, and decreased in all mutants of the 
monolignol-specific pathway. Consequently, the S/G ratio, typically used to characterize the lignin 
composition, was increased for both mutant alleles of C4H, 4CL1, and CCoAOMT1, whereas it decreased 
in ccr1-3, cad6-4, and both mutant alleles of F5H1 and COMT. 
In addition to the traditional lignin units (H, G, and S), a number of minor “nonconventional” units were 
identified and quantified. Although the trace amounts of 5-hydroxyguaiacyl (5-OH-G) units (derived from 
the incorporation of 5-hydroxyconiferyl alcohol into lignin) in wild-type plants are actual artefacts of the 
thioacidolysis procedure, the relative amount of the 5-OH-G units had increased in the comt mutants, 
consistent with previous reports of increased 5-OH-G units in COMT-deficient plants [31,40-43]. Units 
derived from the incorporation of coniferaldehyde and sinapaldehyde (the G and S aldehyde units) could 
be detected via thioacidolysis markers as previously described [44,45]. Mutants in the last step of the 
monolignol-specific pathway, CAD6, were characterized by a higher incorporation of S aldehydes than of 
G aldehydes units into the lignin polymer, in line with the higher substrate specificity of CAD6 for 
sinapaldehyde [46]. Finally, thioacidolysis released three different units derived from the incorporation 
of ferulic acid (FA) that is also a known minor constituent of lignin [47], two of which were linked via 
conventional β–O–4-structures (the β–O–4-FA-I and the β–O–4-FA-II units, representing the etherified 
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ferulic acid and ferulic acid-EtSH addition product, respectively) and the third derived from the bis-β–O–
4-coupling of FA (the bis-β–O–4-FA unit) that results in a truncated side-chain [47]. Of these three units, 
the relative abundance of the component released from the bis-β–O–4-FA was the highest. The relative 
abundance of β–O–4-FA-I, β–O–4-FA-II, and bis-β–O–4-FA units had increased in ccr1 mutants, in 
agreement with previously reported results of CCR-deficient plants [47,48]. 
 
Is lignin modification associated with altered cell wall polysaccharide composition? 
Because perturbations of the lignin biosynthetic pathway could affect the abundance of the other cell 
wall polymers, the abundance of the polysaccharides (see above) and the composition of the matrix 
polysaccharides was determined. 
The monomeric sugars in the TFA extract were quantified by gas chromatography/mass spectrometry 
(GC/MS). The major sugars within the TFA extract were arabinose, xylose, and galactose. In both mutant 
alleles of CCR1 and C4H, the relative amounts of arabinose and galactose were significantly higher than 
those of the wild-type, but the relative amount of xylose was significantly lower in both mutant alleles of 
CCR1. Although rhamnose, fucose, mannose, and glucose were present in minor quantities, small, but 
significant, changes could be observed for several mutants. Notably, the reduced amount of crystalline 
cellulose measured in ccr1, f5h1, and comt mutants was not accompanied by differences in glucose 
content in the TFA extract that could have been, partially, attributed to increases in amorphous cellulose, 
indicating that the ccr1, f5h1, and comt mutants indeed had lower levels of total cellulose. 
In addition to the general matrix polysaccharide composition, more detailed information on the 
branching degree of xylan, as well as on the proportion of methylated glucuronic acid (GlcA) on xylan 
were established by DNA sequencer Assisted Saccharide analysis in High throughput (DASH). The 
branching degree of xylans was not affected in any of the lignin mutants, but the degree of xylan GlcA 
methylation was significantly reduced in both mutant ccr1 mutants and increased in both mutant alleles 
of C4H, 4CL1, and CCoAOMT1 (Table 4.2). 
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Table 4.1: Lignin composition for the 20 lignin mutants (n=8) and wild-type (n=16) (SD), as determined by thioacidolysis. The sum of H, G, and S is expressed in µmol per g acetyl 
bromide lignin. The relative proportions of the different lignin units are calculated based on the total thioacidolysis yield (including the minor nonconventional lignin units). S/G is 
calculated based on the absolute values for S and G (which are expressed in µmol per g acetyl bromide lignin). bis-β–O–4-FA: G-CHR-CHR2; β–O–4-FA-I: G-CH=CH-COOH; β–O–4-
FA-II: G-CHR-CH2-COOH. Bold: increase compared to wild-type, italics: decrease compared to wild-type. * 0.001 < p < 0.01, ** p < 0.001 (Dunnett adjusted t-test). 
 
Line H+G+S % H % G % S % 5-OH-G % bis-β–O–4-FA % β–O–4-FA-I % β–O–4-FA-II % G aldehydes % S aldehydes S/G 
WT Col-0 817.7 (204.7) 0.5 (0.1) 70.3 (1.3) 29.0 (1.4) 0.11 (0.03) 0.07 (0.03) 0.02 (0.008) 0.01 (0.005) 0.02 (0.036) 0.01 (0.006) 0.41 (0.03) 
pal1-2 793.4 (186.8) 0.5 (0.1) 67.0 (2.3) 32.3 (2.3) 0.12 (0.03) 0.06 (0.03) 0.02 (0.004) 0.01 (0.005) 0.01 (0.028) 0.02 (0.009) 0.48 (0.05) 
pal1-3 812.4 (216.4) 0.5 (0.2) 67.7 (2.0) 31.5 (2.0) 0.11 (0.03) 0.05 (0.03) 0.02 (0.007) 0.01 (0.002) 0.02 (0.032) 0.01 (0.005) 0.47 (0.04) 
pal2-2 821.7 (164.3) 0.5 (0.2) 70.3 (2.3) 29.0 (2.2) 0.10 (0.02) 0.07 (0.02) 0.02 (0.006) 0.01 (0.004) 0.02 (0.034) 0.02 (0.008) 0.41 (0.04) 
pal2-3 818.8 (233.5) 0.4 (0.1) 69.2 (2.1) 30.2 (2.0) 0.10 (0.04) 0.05 (0.02) 0.02 (0.009) 0.01 (0.005) 0.03 (0.035) 0.01 (0.011) 0.44 (0.04) 
c4h-2 530.7 (160.8)** 1.9 (0.8)** 55.7 (2.6)** 42.1 (2.5)** 0.15 (0.03) 0.10 (0.07) 0.03 (0.012) 0.02 (0.002) 0.02 (0.020) 0.04 (0.027) 0.76 (0.08)** 
c4h-3 870.7 (248.7) 0.7 (0.2) 53.5 (2.1)** 45.6 (2.1)** 0.13 (0.02) 0.08 (0.03) 0.02 (0.008) 0.01 (0.002) 0.01 (0.026) 0.03 (0.026) 0.86 (0.07)** 
4cl1-1 828.5 (197.4) 0.8 (0.3) 59.9 (1.9)** 39.1 (2.0)** 0.12 (0.02) 0.10 (0.04) 0.02 (0.008) 0.01 (0.003) 0.00 (0.002) 0.03 (0.023) 0.65 (0.05)** 
4cl1-2 804.4 (151.9) 0.8 (0.2) 60.6 (2.7)** 38.3 (2.1)** 0.11 (0.05) 0.10 (0.04) 0.02 (0.010) 0.01 (0.004) 0.02 (0.055) 0.02 (0.014) 0.63 (0.06)** 
4cl2-1 783.3 (169.1) 0.5 (0.2) 69.6 (2.3) 29.6 (2.3) 0.12 (0.02) 0.07 (0.03) 0.02 (0.007) 0.01 (0.003) 0.02 (0.040) 0.01 (0.004) 0.43 (0.05) 
4cl2-3 819.7 (179.8) 0.5 (0.1) 70.9 (1.7) 28.3 (1.8) 0.12 (0.03) 0.08 (0.03) 0.02 (0.006) 0.01 (0.004) 0.00 (0.004) 0.01 (0.009) 0.40 (0.04) 
ccoaomt1-3 789.3 (156.8) 0.6 (0.1) 62.3 (4.4)** 36.7 (4.3)** 0.13 (0.03) 0.14 (0.06) 0.04 (0.010) 0.02 (0.008) 0.02 (0.029) 0.01 (0.011) 0.60 (0.11)** 
ccoaomt1-5 696.1 (187.9) 0.9 (0.3) 60.7 (2.9)** 38.0 (3.0)** 0.12 (0.03) 0.14 (0.03) 0.08 (0.113) 0.03 (0.023) 0.03 (0.036) 0.02 (0.007) 0.63 (0.08)** 
ccr1-3 192.1 (49.3)** 4.5 (1.4)** 71.7 (4.9) 18.5 (5.0)** 0.23 (0.11) 2.83 (1.91)** 1.38 (0.569)** 0.81 (0.218)** 0.04 (0.030) 0.09 (0.048)** 0.26 (0.09)** 
ccr1-6 229.3 (79.0)** 1.2 (1.2)* 68.7 (2.6) 24.9 (2.7)** 0.17 (0.08) 2.55 (1.04)** 1.61 (0.366)** 0.94 (0.317)** 0.05 (0.061) 0.06 (0.042) 0.36 (0.05) 
f5h1-2 596.0 (167.4)** 0.4 (0.1) 99.3 (0.2)** 0.0 (0.0)** 0.03 (0.01) 0.10 (0.05) 0.04 (0.013) 0.02 (0.008) 0.02 (0.025) 0.01 (0.009) 0.00 (0.00)** 
f5h1-4 595.6 (137.0)* * 0.4 (0.1) 99.3 (0.2)** 0.0 (0.0)** 0.03 (0.01) 0.08 (0.04) 0.04 (0.012) 0.03 (0.007) 0.02 (0.031) 0.01 (0.003) 0.00 (0.00)** 
comt-1 499.6 (151.0)** 0.7 (0.2) 97.7 (0.6)** 0.5 (0.1)** 0.93 (0.32)** 0.09 (0.04) 0.03 (0.012) 0.02 (0.009) 0.05 (0.070) 0.02 (0.025) 0.01 (0.00)** 
comt-4 502.8 (177.2)** 0.7 (0.3) 94.9 (0.6)** 3.2 (0.4)** 0.94 (0.35)** 0.10 (0.02) 0.04 (0.016) 0.02 (0.018) 0.05 (0.079) 0.01 (0.007) 0.03 (0.00)** 
cad6-1 779.7 (183.7) 0.3 (0.1) 73.7 (2.1)* 25.5 (2.1)* 0.10 (0.02) 0.10 (0.04) 0.02 (0.006) 0.01 (0.004) 0.04 (0.061) 0.16 (0.132)** 0.35 (0.04) 
cad6-4 742.0 (206.3) 0.3 (0.1) 75.3 (4.2)** 23.9 (4.3)** 0.16 (0.14) 0.09 (0.02) 0.03 (0.008) 0.01 (0.005) 0.02 (0.030) 0.18 (0.122)** 0.32 (0.07)** 
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Table 4.2: Matrix polysaccharide composition, expressed as mol%, for the 20 lignin mutants (n=8) and wild-type (n=16) (SD). GlcA: glucuronic acid. Bold: increase compared to 
wild-type, italics: decrease compared to wild-type. * 0.001 < p < 0.01, ** p < 0.001 (Dunnett adjusted t-test). 
 
Line rhamnose fucose arabinose xylose mannose glucose galactose branching xylans % methylated GlcA on xylan 
WT Col-0 3.4 (0.1) 2.2 (0.4) 12.7 (0.4) 58.7 (1.3) 2.8 (0.2) 5.7 (1.7) 14.5 (0.3) 13.3 (0.6) 64.9 (0.6) 
pal1-2 3.0 (0.3)** 2.0 (0.5) 13.2 (0.4) 55.2 (3.9)* 2.3 (0.3)* 9.8 (4.8) 14.5 (0.4) 13.2 (0.9) 66.3 (0.8) 
pal1-3 3.3 (0.2) 2.3 (0.3) 12.7 (0.7) 56.0 (3.0) 2.6 (0.2) 8.9 (4.2) 14.2 (0.5) 13.2 (1.0) 66.8 (1.0) 
pal2-2 3.5 (0.1) 2.3 (0.3) 12.6 (0.8) 57.3 (2.7) 2.9 (0.2) 7.1 (4.3) 14.4 (0.8) 13.2 (0.6) 64.2 (1.0) 
pal2-3 3.4 (0.2) 2.3 (0.2) 12.3 (0.8) 56.7 (3.4) 2.7 (0.3) 8.7 (5.1) 13.9 (0.7) 13.1 (0.9) 64.6 (1.1) 
c4h-2 3.6 (0.1) 2.7 (0.4)* 15.4 (0.9)** 57.0 (1.9) 2.8 (0.1) 3.1 (0.2) 15.4 (0.9)* 12.6 (0.5) 80.3 (1.2)** 
c4h-3 3.3 (0.3) 2.5 (0.4) 14.4 (0.9)** 59.0 (1.2) 2.8 (0.4) 2.7 (0.6) 15.5 (1.0)* 12.9 (0.6) 72.1 (1.5)** 
4cl1-1 3.5 (0.2) 2.3 (0.5) 13.3 (0.4) 58.9 (1.5) 2.9 (0.2) 4.3 (1.3) 14.8 (0.3) 13.0 (0.4) 74.7 (1.8)** 
4cl1-2 3.6 (0.1) 2.2 (0.4) 12.4 (0.7) 58.6 (1.6) 3.0 (0.1) 6.2 (1.8) 14.1 (0.6) 13.1 (1.0) 74.1 (1.5)** 
4cl2-1 3.7 (0.3)** 2.3 (0.2) 12.1 (1.0) 56.7 (3.3) 2.8 (1.1) 8.5 (6.5) 13.8 (0.9) 12.8 (0.4) 64.5 (0.6) 
4cl2-3 3.7 (0.2)** 2.1 (0.4) 12.0 (0.4) 57.4 (2.5) 3.1 (0.2) 7.6 (2.9) 14.0 (0.3) 12.7 (0.6) 63.8 (1.2) 
ccoaomt1-3 3.8 (0.2)** 2.4 (0.1) 12.4 (0.6) 59.6 (1.2) 3.2 (0.2) 3.8 (0.8) 14.9 (0.4) 13.4 (0.7) 68.8 (2.1)** 
ccoaomt1-5 3.4 (0.1) 2.2 (0.4) 13.5 (1.4) 57.1 (5.1) 3.0 (0.6) 5.0 (2.9) 15.8 (1.4)** 13.5 (0.4) 73.5 (0.6)** 
ccr1-3 3.1 (0.3) 1.8 (0.4) 19.2 (1.3)** 50.3 (2.2)** 2.4 (0.3) 4.9 (3.4) 18.2 (1.0)** 14.2 (0.4) 55.2 (1.1)** 
ccr1-6 3.6 (0.3) 2.2 (0.5) 15.7 (0.4)** 54.1 (1.9)** 2.7 (0.1) 5.6 (2.4) 16.0 (0.5)* 14.5 (0.4) 54.9 (1.8)** 
f5h1-2 3.6 (0.1) 2.1 (0.5) 12.6 (0.4) 57.0 (1.9) 3.0 (0.1) 7.4 (2.2) 14.4 (0.2) 13.0 (0.7) 66.9 (0.6) 
f5h1-4 3.5 (0.2) 2.0 (0.4) 12.5 (0.9) 55.6 (3.7) 2.8 (0.3) 9.2 (5.5) 14.4 (0.7) 13.0 (0.3) 66.3 (0.7) 
comt-1 3.4 (0.2) 2.1 (0.4) 12.7 (0.7) 56.5 (2.6) 2.9 (0.2) 7.6 (3.6) 14.8 (0.4) 12.7 (0.4) 65.6 (1.9) 
comt-4 3.2 (0.1) 2.2 (0.4) 12.8 (0.5) 55.2 (2.6)* 2.8 (0.2) 7.9 (3.4) 15.9 (0.5)** 13.1 (0.8) 65.2 (0.6) 
cad6-1 3.2 (0.1) 2.3 (0.5) 13.5 (0.9) 58.8 (1.6) 2.6 (0.1) 5.1 (2.7) 14.5 (0.5) 13.0 (0.5) 66.2 (0.7) 
cad6-4 3.3 (0.1) 2.2 (0.3) 12.7 (0.5) 57.5 (1.8) 2.8 (0.1) 7.1 (2.4) 14.4 (0.6) 13.0 (0.7) 66.4 (0.5) 
66 
 
Establishment of a saccharification protocol on laboratory scale 
In order to analyze the efficiency of cellulose-hydrolyzation, resulting in free glucose monomers that can 
be used to ferment and produce bioethanol, a high throughput saccharification protocol for small 
biomass-samples was set up. Therefore several parameters were investigated; like particle size, type of 
pretreatment, quantity of enzymes, and how to measure the hydrolysed glucose. 
In first instance grinded senesced stems were compared to senesced stems cut in pieces of 2 mm (Fig. 
4.5A). Although a smaller particle size resulted in a higher glucose release, it was easier to use 2-mm 
pieces from a practical point of view. During saccharification, at several timepoints, a fraction of the 
supernatant was collected to measure the released glucose content at that certain timepoint. When 
using the fine grinded biomass, it was very difficult to obtain a bright supernatant. Therefore all analyses 
regarding saccharification and cell wall characterization of the mutants and wild-type Arabidopsis 
senesced stems are done on little pieces of 2 mm instead of grinded material. 
For this semi high throughput saccharification protocol an acid pretreatment with hydrochloric acid (HCl) 
was chosen, although an alkali pretreatment, with for example sodium hydroxide (NaOH), yields higher 
glucose values in comparison to acid pretreatments (Fig. 4.5B). This is because an alkali pretreatment 
has the property to extract lignin. This optimized saccharification protocol also includes a severe washing 
step, even though no pretreatment was performed. This washing step was included to make sure that all 
the soluble sugars are removed and that the glucose measured during saccharification is only derived 
from the hydrolyzation of cellulose. 
The released glucose during saccharification was measured indirectly via an enzymatic color reaction, 
glucose oxidase-peroxidase (GOD-POD) reaction. In this reaction glucose was converted to glucono-1,4-
lacton by the activity of glucose oxidase. Thereby also hydrogenperoxide was formed, which was 
together with a dye, 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS), converted by peroxidase, 
to a green colored substance and water. The amount of green coloration was subsequently measured 
and stoichiometrically related to the amount of glucose released during saccharification. This color 
reaction was very fast in comparison to the conventionally used HPLC-quantification of glucose and 
equally accurate. 
Finally in this saccharification protocol a relative low amount of enzymes was used (Fig. 4.5C). In this way 
it was possible to analyze the initial hydrolysis-speed which was otherwise too steep when a larger 
amount of enzymes were used. In addition, the low amount of enzymes, which results in a low cellulose 
conversion into glucose, makes it possible to reveal even subtle differences in saccharification yield 
between mutants and wild-type. Eventually the saccharification curve reached a plateau after multiple 
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hours of saccharification. This plateau was due to the inhibition or inactivation of the enzymes as adding 
more enzyme released again glucose from cellulose. Because of this very low enzyme-load and hence 
low cellulose conversion, we must point out that data derived from this saccharification protocol should 
be interpreted with care. 
In the end a semi high throughput saccharification protocol was optimized for small biomass-samples 
like Arabidopsis. This protocol includes an industrially relevant pretreatment and measured very quickly 
only glucose derived from cellulose-hydrolysation. 
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Figure 4.5: Different steps to optimize a saccharification protocol for small sample sizes. A, 30 x diluted absorbance for different 
particle sizes without and with acid pretreatment after 23 h of saccharification (a: including a pretreatment results in a 
significant increase compared to untreated; b: significant decrease compared to grinded within the same treatment). B, 30 x 
diluted absorbance for biomass with different pretreatments after 23 h of saccharification (c: significant increase compared to 
untreated; d: significant increase compared to acid). C, flattening of the saccharification time curves by using less enzyme.  
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Most lignin mutants have an improved saccharification yield 
To analyze whether the cell wall modifications in the mutant set affected the saccharification yield, 
senesced stems of the lignin mutants and the wild-type were cut into 2-mm pieces and saccharified for 
48 hours, both without and with acid pretreatment (Table 4.3). 
Regardless whether saccharification was performed without or with an acid pretreatment, the mutant 
alleles of C4H, 4CL1, CCoAOMT1, CCR1, and COMT released more glucose as compared to the wild-type. 
Even without a pretreatment, c4h-2, ccr1-3, and ccr1-6 released approximately threefold more glucose 
than the wild-type. For c4h-2, the glucose release was even higher when an acid pretreatment was 
included, up to a fourfold increase. 
Based on the measured cellulose content (Fig. 4.4 and Supplementary Table 4.2) and the 
saccharification yields, the cellulose conversion was calculated. Under our saccharification conditions, 
approximately 16% and 18% of the cellulose was converted to glucose for the wild-type without and with 
acid pretreatment, respectively, whereas for the two mutant alleles of C4H, 4CL1, CCoAOMT1, CCR1, and 
COMT, the cellulose conversions were higher, both without and with acid pretreatment. The f5h1 
mutants had higher cellulose conversions only without pretreatment. Saccharification after acid 
pretreatment resulted in cellulose conversions that were the highest for c4h-2, ccr1-3, and ccr1-6 
(approximately 79%, 88%, and 77%, respectively). This almost complete hydrolysis of cellulose in 
inflorescences of c4h-2 and ccr1 mutants during saccharification was also visually noticeable; the 
structure of the stem segments was completely lost (Fig. 4.6). Although c4h-3 and the mutant alleles of 
4CL1, CCoAOMT1, F5H1, and COMT also had a cellulose-to-glucose conversion higher than that of the 
wild-type (albeit lower than that of the c4h-2 and ccr1 mutants), their inflorescence stem structure was 
maintained. 
The acid pretreatment effect, which is the percentage increase in cellulose conversion due to the 
pretreatment, was comparable for most lignin mutants with that of the wild-type, i.e., between 2% and 
20%. Notable exceptions were the stems of both c4h, 4cl1, and ccoaomt1 mutants that were more 
susceptible to the acid pretreatment with a pretreatment effect between 36% and 76%. None of the 
lignin mutants was more recalcitrant to the acid pretreatment than the wild-type.   
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Table 4.3: Saccharification yields, cellulose conversions, and the pretreatment effect for the 20 lignin mutants (n=8) and wild-
type (n=16) (SD). Cellulose conversions without and with acid pretreatment are calculated based on the cellulose content and 
the saccharification yield (both on a CWR basis). The pretreatment effect illustrates the percentage increase in cellulose 
conversion due to the acid pretreatment compared to cellulose conversion without pretreatment and is calculated as follows: 
(conversion with – conversion without) / (conversion without) x 100 = %. Bold: increase compared to wild-type, italics: decrease 
compared to wild-type. * 0.001 < p < 0.01, ** p < 0.001 (Dunnett adjusted t-test). 
 
Line 
saccharification 
without 
saccharification 
with 
conversion 
without 
conversion 
with 
Pretreatment 
effect 
 (% CWR) (% CWR) (% cellulose) (% cellulose) (%) 
WT Col-0 6.3 (0.6) 7.0 (0.7) 16.3 (2.2) 18.1 (2.5) 11.2 (3.3) 
pal1-2 7.2 (0.4)** 7.5 (1.9) 17.6 (2.8) 18.5 (5.7) 5.7 (28.0) 
pal1-3 7.1 (0.3)** 8.2 (0.4)** 16.8 (2.0) 19.2 (2.4) 14.5 (3.7) 
pal2-2 7.1 (0.5)* 7.8 (0.7) 17.3 (2.6) 19.1 (3.4) 10.3 (7.1) 
pal2-3 6.9 (0.3) 7.5 (0.4) 16.8 (1.6) 18.1 (1.6) 8.0 (7.0) 
c4h-2 18.3 (1.0)** 28.5 (1.0)** 50.5 (4.2)** 78.9 (5.7)** 56.4 (6.1)** 
c4h-3 9.8 (0.8)** 16.7 (1.3)** 24.1 (2.6)** 41.2 (3.7)** 71.8 (9.7)** 
4cl1-1 8.7 (0.5)** 12.7 (1.7)** 21.2 (2.1)** 30.8 (5.1)** 44.9 (14.7)** 
4cl1-2 8.3 (0.4)** 11.8 (0.8)** 20.5 (1.9)** 29.2 (2.8)** 43.0 (11.4)** 
4cl2-1 7.0 (0.7) 7.7 (0.7) 18.6 (2.5) 20.3 (2.0) 9.8 (6.8) 
4cl2-3 6.9 (0.3) 7.5 (0.5) 17.9 (1.0) 19.5 (1.3) 8.9 (3.6) 
ccoaomt1-3 8.8 (0.5)** 12.0 (1.3)** 21.8 (1.2)** 29.8 (3.3)** 36.1 (10.4)* 
ccoaomt1-5 8.3 (1.9) 13.4 (1.6)** 20.4 (4.6)* 33.3 (5.4)** 75.8 (75.3)** 
ccr1-3 17.9 (1.4)** 20.3 (1.0)** 77.9 (14.6)** 88.3 (12.8)** 14.5 (11.1) 
ccr1-6 19.7 (1.2)** 23.6 (1.5)** 64.0 (4.8)** 76.8 (5.6)** 20.1 (6.1) 
f5h1-2 7.2 (0.6)* 7.3 (0.5) 22.8 (2.4)** 23.1 (1.8) 1.6 (3.3) 
f5h1-4 7.1 (0.4)** 7.5 (0.5) 21.9 (2.5)** 23.1 (2.9) 5.8 (6.9) 
comt-1 8.3 (0.4)** 9.5 (0.6)** 24.8 (0.4)** 28.5 (1.3)** 14.9 (4.8) 
comt-4 8.4 (0.9)** 9.3 (0.5)** 25.4 (3.0)** 28.2 (2.3)** 11.4 (6.1) 
cad6-1 6.5 (0.3) 7.2 (0.5) 16.0 (1.4) 17.9 (1.8) 11.5 (5.2) 
cad6-4 6.9 (0.3) 7.8 (0.6) 17.8 (1.9) 20.1 (2.7) 13.2 (5.2) 
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Figure 4.6: Illustration of wild-type and mutant stem material before saccharification (left column), after 48 h of saccharification 
including acid pretreatment (middle column), and after 48 h of saccharification without pretreatment (right column). The 
structure of stem segments of the mutants c4h-2, ccr1-3, and ccr1-6 are fully degraded as a consequence of the almost 
complete conversion of cellulose into glucose. Although the cellulose conversion was also improved in other mutants, such as 
c4h-3 and 4cl1-1, the stem structure remained intact. 
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Relations between lignin, cell wall polysaccharides, and saccharification yield 
To investigate the relations between the different cell wall components and their effect on the 
saccharification yield without and with acid pretreatment, we calculated the Pearson correlations (Fig. 
4.7 and Supplementary Table 4.3) based on the compositional data presented in Table 4.1 and Table 4.2 
and the saccharification data presented in Table 4.3. However, the data for the three phenotypically 
abnormal mutants (c4h-2, ccr1-3, and ccr1-6) had too large an effect on the correlations; to minimize the 
occurrence of high correlations caused by outliers from c4h-2, ccr1-3, and ccr1-6 mutants, these three 
mutants were left out of the analysis. The correlation matrix revealed that a reduction in lignin content 
was compensated for by an increase in matrix polysacharides (r = -0.49, p < 0.0001) rather than by an 
increase in cellulose (r = -0.34, p < 0.0001), even though the correlation coefficient between lignin and 
matrix polysaccharides indicated only a weak, and not a strong, relationship. The glucose yields upon 
saccharification without and with acid pretreatment were correlated (r = 0.80, p < 0.0001). Furthermore, 
the saccharification yield was negatively influenced by the amount of lignin (r = -0.65, p < 0.0001 without 
pretreatment; r = -0.83, p < 0.0001 with acid pretreatment). In addition, the data implied that the lignin 
content played a larger role in determining saccharification yield than the lignin S/G composition (r = -
0.65, p < 0.0001 and r = 0.31, p = 0.0001 for saccharification without pretreatment, respectively; r = -
0.83, p < 0.0001 and r = 0.59, p < 0.0001 for saccharification with pretreatment, respectively). This 
correlation matrix also revealed that the matrix polysaccharide content influenced saccharification yield 
to some extent (r = 0.42, p < 0.0001 for saccharification without pretreatment; r = 0.48, p < 0.0001 with 
acid pretreatment), whereas cellulose did not (r = -0.01, p = 0.8769 for saccharification without 
pretreatment; r = 0.13, p = 0.1018 for saccharification with acid pretreatment). 
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Figure 4.7: Scatterplots containing data from the wild-type and all 20 mutants, except c4h-2, ccr1-3, and ccr1-6, illustrating that 
lignin reduction was compensated for by matrix polysaccharides rather than by cellulose (left column). Scatterplots (middle and 
right columns), illustrate the relations between saccharification without and with acid pretreatment, respectively, and the 
different cell wall polymers (lignin, cellulose, and matrix polysaccharides). The Pearson correlation coefficient and its 
corresponding p-value are given at the bottom of each scatterplot and are indicated in red when r > 0.4 and p < 0.0001.  
 
Next, models were made that described how the different cell wall polymers influenced saccharification 
yield (Table 4.4). By modeling the saccharification yield and not the cellulose conversion (Table 4.3), the 
cell wall parameter “crystalline cellulose content” could be included into the model. The other cell wall 
parameters that were considered to influence the saccharification yield and, hence, design the 
saccharification model were the amount of lignin and matrix polysaccharides, the S/G ratio, the 
abundance of ferulic acid, and the three main matrix polysaccharide monosaccharides arabinose, 
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galactose, and xylose. For the three monosaccharides, the absolute amounts (Supplementary Table 4.4) 
were used to build the models instead of the molar proportions (Table 4.2), because the relative 
proportions for these sugars are intrinsically linked with each other.  
Generally, the models confirmed the correlation matrix and explained 70% and 71% of the 
saccharification yield variations without and with acid pretreatment, respectively (Table 4.4). When 
saccharification was performed without pretreatment, the lignin amount had the strongest negative 
impact on the saccharification yield, followed by the S/G ratio, xylose, and ferulic acid content. Galactose 
and the amount of matrix polysaccharides contributed positively to the saccharification yield without 
pretreatment. Similarly, for saccharification with acid pretreatment, the lignin content and xylose had a 
negative impact and only galactose, but not the other matrix polysaccharide sugars or content, positively 
influenced the saccharification yield with acid pretreatment. 
In addition, the increase in saccharification yield that was attributable to the acid pretreatment, 
represented as “pretreatment effect”, was also negatively influenced by the lignin content and xylose, 
but positively by the S/G ratio and galactose (Table 4.4). Because arabinose was correlated with 
galactose (r = 0.94, p < 0.001), arabinose was left out of the model, but it would influence the 
saccharification yield and pretreatment effect in a similar way as galactose. Strikingly, cellulose content 
did not affect the saccharification yield, neither without, nor with pretreatment, and did not influence 
the pretreatment effect. 
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Table 4.4: Models for saccharification yield without pretreatment, with acid pretreatment, and pretreatment effect. These 
models illustrate which cell wall factors had a significant influence on the saccharification yield or pretreatment effect. The 
“parameter estimate” indicates the increase in saccharification yield or pretreatment effect when 1 unit of the cell wall factor is 
increased when the other cell wall factors are fixed. The standardized estimate indicates the strength of the influence on the 
saccharification yield or pretreatment effect. Lignin2 = lignin x lignin. All data used to build these models can be found in 
Supplementary Table 4.5. 
 
Cell wall factor Parameter estimate Standard error p-value Standardized estimate 
Saccharification model without pretreatment 
Intercept 0.09536 0.01308 <0.0001 0.00 
Lignin -0.52154 0.04720 <0.0001 -0.89 
S/G -0.01170 0.00318 0.0003 -0.29 
Ferulic acid -4.24820 1.27867 0.0011 -0.15 
Galactose 0.00223 0.00066 0.0009 0.24 
Xylose -0.00044 0.00015 0.0043 -0.19 
Matrix polysaccharides 0.07289 0.03156 0.0224 0.13 
Saccharification model with acid pretreatment 
Intercept 0.52417 0.04977 <0.0001 0.00 
Lignin -8.14968 0.89507 <0.0001 -5.33 
Lignin2 35.18722 4.45747 <0.0001 4.61 
Galactose 0.00538 0.00149 0.0004 0.22 
Xylose -0.00120 0.00036 0.0010 -0.20 
Pretreatment effect model 
Intercept 0.29129 0.04709 <0.0001 0.00 
Lignin -5.35810 0.79704 <0.0001 -4.91 
Lignin2 24.30648 3.91171 <0.0001 4.46 
S/G 0.01737 0.00693 0.0133 0.23 
Galactose 0.00384 0.00144 0.0087 0.22 
Xylose -0.00091 0.00033 0.0058 -0.21 
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Cell wall composition and saccharification yield over development 
The inflorescence stems of c4h-2, ccr1-3, and ccr1-6 are considerably smaller at senescence than those of 
the other mutants and the wild-type (Fig. 4.1). Therefore, it was possible that the differences in cell wall 
composition and the improvements in saccharification yield in these mutants were attributable to the 
smaller final height of their stems which could resemble developmentally younger wild-type stems. To 
investigate this possibility, wild-type plants with different inflorescence stem heights were analyzed for 
their cell wall characteristics and saccharification yield and compared to those of senesced c4h-2, ccr1-3, 
and ccr1-6, which were regrown together with the wild-types. Because the ccr1-3 mutant has, in contrast 
to all other lignin mutants and wild-type, a bushy appearance with a small primary inflorescence that 
dies but many secondary inflorescences, it was practically impossible to select wild-type inflorescences 
with a height that resembled the same developmental stage as ccr1-3. Therefore, only c4h-2 and ccr1-6 
were compared to wild-type with the corresponding heights. The cell wall composition and 
saccharification yield of wild-types with corresponding heights as c4h-2 and ccr1-6 at 15.3 cm and 23.2 
cm, respectively, were obtained by interpolation (Table 4.5). 
Figure 4.8 illustrates the cell wall composition and saccharification yield of wild-type with increasing 
heights, representing different developmental stages. In general, the %CWR increased over wild-type 
inflorescence stem development. For smaller plants, the CWR consisted of a relative high proportion of 
matrix polysaccharides (and amorphous cellulose), a low proportion of lignin and crystalline cellulose. 
With increasing height, the relative proportion of lignin and cellulose increased (Fig. 4.8a).  
Also matrix polysaccharide composition varied over wild-type development (Fig. 4.8b). A distinct pattern 
could be observed for the main sugars arabinose, xylose, and galactose with a decrease over increasing 
heights for arabinose and galactose and an increase for xylose. Rhamnose and fucose tended to stay at a 
constant level, whereas mannose and glucose tended to decrease although no clear pattern was 
observed. Also lignin composition varied over development (Fig. 4.8c). Younger plants had a higher 
proportion of G units and almost no S units, whereas the proportion of S units increased in taller plants. 
In contrast, the proportion of H units remained constant and low throughout development. The 
saccharification yield varied with the variation in cell wall composition of the wild-types at different 
developmental stages (Fig. 4.8a). Whether or not an acid pretreatment was performed, the 
saccharification yield, as well as the pretreatment effect, decreased with increasing inflorescence height. 
The c4h-2 and ccr1-6 mutants had no significant difference in CWR amount as compared to wild-type 
with the corresponding heights. In addition, there was no significant difference in the relative amount of 
lignin, cellulose, and matrix polysaccharides upon correction for height (Table 4.5). However, the matrix 
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polysaccharide composition for c4h-2 and ccr1-6 was enriched in the minor sugars rhamnose and fucose. 
These two mutants also had a clearly altered lignin composition, with c4h-2 having an increased 
proportion of H and S units and ccr1-6 also having an increased proportion of H units but a decreased 
proportion of G units (Table 4.5). Saccharification yield for ccr1-6, without and with acid pretreatment 
was increased by 64% and 63%, as compared to wild-type with the corresponding height, respectively. 
c4h-2 had an increased saccharification yield of 50% and 62% without and with pretreatment, 
respectively.  
Together, these data demonstrate that the altered cell wall composition of c4h-2 and ccr1-6, compared 
to senesced wild-type (Table 4.2 and Table 4.3), can at least partly be attributable to their altered 
development (lignin, cellulose, and matrix polysaccharide content). However, the increased 
saccharification yield, increased rhamnose and fucose sugars, and increased proportion of H units in c4h-
2 and ccr1-6 remain higher than wild-type, even when corrected for the developmental difference. 
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Figure 4.8: Cell wall composition and saccharification yield for different developmental stages for wild-type and three mutant lines, c4h-2, ccr1-3, and ccr1-6. Lignin, cellulose, 
matrix polysaccharides, and saccharification yields without and with pretreatment are expressed as percentage CWR (a). Effect of pretreatment is the increase in saccharification 
yield with pretreatment compared to without pretreatment (a). Matrix polysaccharide composition is expressed in mol% (b). Lignin composition is expressed in relative amounts 
(c). 
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Table 4.5: Polynomial equations, made based on the data from the wild-types with different heights, show the relation between 
a parameter, y, and the height of the wild-types, x. This polynomial equation was then used to calculate y for the corresponding 
heights of c4h-2, 15.3 cm, and for ccr1-6, 23.2 cm. These calculated values, through interpolation, should be compared to the 
exactly measured values for these two mutant alleles. Matrix polysaccharide composition is expressed in mol%. Bold: significant 
increase compared to the interpolated value for wild-type; italic: significant decrease compared to the interpolated value for 
wild-type (p < 0.05, Dunnett adjusted t-test).  
 
x y polynomial equation R² x = 15.3 cm x = 23.2 cm c4h-2 ccr1-6 
height %CWR y = -0.0293x²+1.9573x+46.711 0.5041 69.8 76.3 64.0 69.9 
height lignin y = -0.0041x²+0.4211x+3.3747 0.4547 8.9 10.9 6.7 8.9 
height cellulose y = -0.0128x²+1.0447x+17.068 0.4032 30.1 34.4 36.0 29.3 
height matrix polysaccharides y = 0.0207x²-1.5592x+67.313 0.7317 48.3 42.3 51.0 49.5 
height without pretreatment y = -0.0041x²+0.0674x+13.17 0.3839 13.2 12.5 21.7 23.0 
height with pretreatment y = 0.0025x²-0.5211x+31.327 0.3819 23.9 20.6 49.6 42.8 
height effect pretreatment y = 0.0769x²-5.1444x+139.45 0.2560 78.7 61.5 128.4 90.1 
height rha % y = -0.001x²+0.0532x+2.6769 0.0803 3.3 3.4 4.6 4.0 
height fuc % y = 0.0007x²-0.0105x+2.0658 0.2060 2.1 2.2 3.2 3.1 
height ara % y = 0.0142x²-0.9234x+28.46 0.4035 17.7 14.7 17.5 17.3 
height xyl % y = -0.0428x²+3.0547x+4.8613 0.7010 41.6 52.7 39.9 49.0 
height man % y = 0.0141x²-0.8755x+14.786 0.3282 4.7 2.1 9.7 2.9 
height glu % y = 0.0042x²-0.5657x+19.408 0.4872 11.7 8.5 5.6 4.7 
height gal % y = 0.0106x²-0.7328x+27.742 0.4541 19.0 16.4 19.5 19.0 
height %H y = 0.0006x²-0.0281x+0.8342 0.2180 0.5 0.5 6.0 2.6 
height %G y = 0.0187x²-1.7776x+107.08 0.6951 84.3 75.9 49.7 71.9 
height %S y = -0.0194x²+1.8057x-7.9092 0.6935 15.2 23.5 44.2 25.5 
height S/G y = -0.0002x²+0.0229x-0.1062 0.6986 0.2 0.3 0.9 0.4 
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DISCUSSION 
Although lignin mutants (in different species) have been studied before in detail (chapter 1, Table 1.1), 
this is the first time that a whole collection of Arabidopsis lignin mutants, including two mutant alleles 
for ten genes of the phenylpropanoid and monolignol biosynthetic pathways, were grown together with 
the wild-type and their senesced inflorescences analyzed for cell wall composition (lignin content, lignin 
S/G composition, nonconventional lignin units, crystalline cellulose content, and matrix polysaccharide 
content and composition) and saccharification yields without and with acid pretreatment. The high 
number of mutants analyzed allowed us to make system-wide correlations among the various 
parameters. In addition, we proposed saccharification models in which the saccharification yield was 
considered as a function of the cell wall composition that identified the major cell wall recalcitrance-
determining factors. 
 
System-wide effects on lignin 
Although the lignin biosynthetic pathway has been studied extensively by means of reverse and forward 
genetics [49] (chapter 1, Table 1.1), the systematic side-by-side comparison of the twenty mutants, each 
defective in a single gene of the lignin biosynthetic pathway, revealed a number of novel observations. 
First, the c4h, 4cl1, ccoaomt1, and ccr1 mutants had a reduced lignin content, but not 4cl2, probably 
because 4CL2 has a tenfold lower substrate specificity for 4-coumarate than 4CL1 [50]. The pal1 and pal2 
mutants had normal lignin levels, presumably because of gene redundancy. Indeed, the pal1 pal2 pal3 
pal4 quadruple mutant had only 20-25% of residual lignin [51]. As F5H1, COMT, and CAD are specific for 
the biosynthesis of S units, disruption of these genes has a larger impact on the lignin composition than 
on the lignin content. Although lignin is a load-bearing polymer in the secondary cell wall, most lignin 
mutants had no obvious morphological phenotypes, despite a reduced lignin content. For example, the 
4cl1 mutants maintained a normal phenotype with 26% reduced lignin levels and even the c4h-3 mutant 
with a lignin content of only 64% of that of wild-type grew normally under our growth conditions. 
Second, the lignin composition as analyzed via thioacidolysis clearly differed in mutants of the general 
phenylpropanoid pathway (C4H, 4CL1, and CCoAOMT1 with an increase in the S/G ratio) and the 
monolignol-specific pathway (from CCR1 through CAD6 with a decrease in the S/G ratio). Because F5H1 
and COMT are specific for S biosynthesis, it is not surprising that the f5h1 and comt mutants lack S units. 
Given that S biosynthesis increases during stem development [52], the decrease in S units in the ccr1 
mutants can be attributed to their slower and probably incomplete development [35,53,54]. The 
reduction in the S unit content can easily be explained for the ccr1, f5h1, and comt mutants, but the 
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increase in S units in the c4h and 4cl1 mutants is more difficult to explain from the linear pathway 
presented in Figure 4.1. Most likely, the residual flux through the phenylpropanoid pathway 
preferentially proceeds toward S units when F5H1 and COMT remain fully active, because F5H1 is known 
to be the rate-limiting step in sinapyl alcohol biosynthesis [55]. Alternatively, in the mutants, feed-back 
and feed-forward mechanisms can alter the flux through the different steps of the lignin biosynthetic 
pathway [32,56]. 
Third, both mutant alleles of CCR1 had a relative increase in thioacidolysis-released H units. The 
accumulation of H units in the ccr1 mutants is puzzling because the corresponding enzyme is positioned 
before the biosynthesis of H units; however, microarray data of inflorescence stems of the ccr1 mutants 
revealed that the transcript level of CCR2 (and not of CCR1) was higher than that of the wild-type [32], 
and might contribute to the formation of H units [57]. Hence, a possible redirection of the pathway could 
be that the CCR2 activity takes the flux partially to H units in the ccr1 mutants. The potential involvement 
of CCR2 in the production of H units has recently been suggested in alfalfa as well [56]. Nevertheless, 
additional enzyme kinetics and flux studies are needed to demonstrate these alternative pathways. 
Fourth, compounds derived from an incomplete monolignol biosynthesis often incorporate into the 
lignin polymer of lignin biosynthesis mutants [58]. In line with previous reports, 5-OH-G units, FA-derived 
units, and S aldehyde units were evidenced in lignin of COMT-deficient plants [31], CCR-deficient plants 
[47,48], and CAD-deficient plants [44-46], respectively. Analysis of the lignin composition of the entire 
set of lignin mutants revealed that these nonconventional lignin units are specific for the mutants 
described above and do not occur at high levels in the other lignin mutants analyzed. 
 
Relations between lignin and cell wall polysaccharides 
Perturbations in the lignin biosynthetic pathway have been shown to have far-reaching consequences on 
the transcriptome and metabolome [32,56,59-62]. The scientific literature often suggests that reductions 
in lignin amount are compensated for by increases in cellulose content [29,31]. In contrast, we did not 
observe such a compensation in Arabidopsis. None of the mutants displayed an increase in cellulose 
content at senescence or in cellulose synthase (CesA) transcript levels, as analyzed by microarrays [32]. 
Instead, the reduction in lignin levels in the c4h, 4cl1, ccoaomt1, and ccr1 mutants was rather associated 
with an increase in matrix polysaccharide levels, according to the weight loss after a TFA extraction (Fig. 
4.7 and Supplementary Table 4.3). Besides an effect on the matrix polysaccharide content, its 
composition was also affected by the mutations in the lignin biosynthetic pathway. The differences were 
the largest in the c4h and ccr1 mutants, although a large proportion of these differences in the ccr1 
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mutants could potentially be due to the altered development (Fig. 4.8 and Table 4.5) rather than to a 
compensation mechanism. Although in some lignin mutants the matrix polysaccharide composition was 
slightly altered, no obvious correlations were found between lignin content or composition and matrix 
polysaccharide composition. However, whereas all mutants had similar levels of branching xylans, the 
c4h, 4cl1, and ccoaomt1 mutants had strikingly more and the ccr1 mutants less methylation of GlcA. 
Previously, increases in GlcA methylation on xylan had been observed only in xylan biosynthesis mutants 
[6]. However, more in-depth studies are needed to fully understand how the lignin and matrix 
polysaccharide pathways are interconnected. 
Another remarkable observation was the decreased cellulose content in the ccr1, f5h1, and comt 
mutants. The low cellulose amount in both ccr1 mutants might possibly be due to their altered 
development [35,53,54,63], but the f5h1 and comt mutants developed normally, albeit with reduced 
cellulose contents. Common to all mutants with a decreased cellulose content (ccr1, f5h1, and comt) is 
the release of fewer S units upon thioacidolysis and, consequently, a decreased S/G ratio and a high 
lignin condensation (H+G+S; Table 4.1). Mutants with increased S content and S/G ratio (c4h, 4cl1, and 
ccoaomt1) had a cellulose content similar to that of the wild-type. These data suggest that when the S/G 
ratio drops below a certain level, the crystalline cellulose content in the cell wall decreases. In contrast, 
when the S/G ratio is elevated, at least ranging from 0.41 in the wild-type up to 0.86 in the c4h-3 mutant 
(Table 4.1), the crystalline cellulose content remained equal to that of the wild-type. The positive 
correlation between lignin composition (S/G) and cellulose also follows from the Pearson correlation 
coefficient in the correlation matrix (r = 0.57, p < 0.0001) (Supplementary Table 4.3). A correlation 
between the S/G ratio and cellulose had also been found recently in eucalyptus by studying natural 
variation in wood properties [64]. These observations raise the question as whether monolignol 
biosynthesis affects cellulose deposition directly or indirectly, especially because lignin is supposed to be 
deposited mainly in the secondary cell wall after completion of the cellulose biosynthesis [7]. 
 
Lignin content, lignin composition, galactose, xylose, and matrix polysaccharide content, but not 
cellulose content, affect saccharification yield 
Based on the lignin content and saccharification yield of the different mutants (Fig. 4.3 and Table 4.3) 
and the correlation matrix (Fig. 4.7 and Supplementary Table 4.3), it is clear that saccharification yield is 
highly influenced by the lignin content, as also shown in alfalfa [3]. However, in both mutant alleles of 
COMT, an increase in the saccharification yield occurred without and with acid pretreatment, but no 
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decrease in lignin content. These exceptions indicate that other cell wall parameters, besides lignin 
content, influence saccharification. 
Saccharification of the f5h1 mutants (low S/G) and overexpression of the Arabidopsis F5H1 gene (high 
S/G) revealed that the lignin composition (via the traditional monomers) had no influence on the 
saccharification yield without pretreatment, but high S lignins had an improved saccharification after 
pretreatment with hot water [23]. Similar observations with a hot water pretreatment were found for 
saccharification of wood from natural poplar variants [19]. In contrast, in our saccharification models, 
which are based on a range of S/G ratios and not on extreme S/G ratios only and use a pretreatment 
different from hot water, the S/G ratio had a negative effect when no pretreatment was included, but 
not when an acid pretreatment preceded the saccharification (Table 4.4). This suggests that cell walls 
with a high S/G ratio, form a matrix in which the matrix polysaccharides (that are the targets for acid 
pretreatment) render the cellulose less accessible by cellulases. 
The saccharification models clearly revealed that the lignin content was the main factor determining 
saccharification, whether a pretreatment was included or not. When saccharification was carried out 
without a pretreatment, the S/G lignin composition, ferulic acid content, and xylose content also 
negatively influenced the saccharification yield, whereas matrix polysaccharide content and galactose 
had a positive effect. The saccharification yield with acid pretreatment was only influenced negatively by 
the lignin and xylose contents and positively by the galactose content. Because arabinose was positively 
correlated with galactose, it would influence the saccharification yield in a similar way as galactose. For 
example, a 10% increase in saccharification yield with pretreatment, as compared to wild-type (i.e., from 
0.059 to 0.065 mg/mg dry weight), can be obtained by a lignin reduction of 9.9% (i.e., from 0.114 to 
0.103 mg/mg dry weight). A similar increase in saccharification yield could also be achieved by increasing 
the galactose content by 8.5% (i.e., from 12.9 to 14.0 µg/mg dry weight), increasing the arabinose 
content by 12% (i.e., from 11.0 to 12.4 µg/mg dry weight), or decreasing the xylose content by 9.5% (i.e., 
from 52.1 to 47.2 µg/mg dry weight). Remarkably, without or with acid pretreatment, the cellulose 
content was not important for the saccharification yield. However, only 70% and 71% of the variation in 
saccharification yield without and with pretreatment, respectively, could be explained by these 
saccharification models, indicating that factors other than the ones examined here might still play a role 
in cell wall recalcitrance. Importantly, it is intrinsic to models that they only predict the outcome within 
the range of the data. Care must thus be taken by extrapolating the predicted effects beyond that range. 
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CONCLUSIONS 
Two mutant alleles for ten genes of the phenylpropanoid and monolignol biosynthetic pathways were 
grown together with the wild-type and analyzed for their cell wall composition and saccharification yield. 
Our data suggest that, at least in Arabidopsis, the reduction in lignin is not compensated for by an 
increase in cellulose, but rather by an increase in matrix polysaccharides. The mutants c4h-2, ccr1-3, and 
ccr1-6, with the largest reduction in lignin content, had the highest saccharification yields and an almost 
complete cellulose conversion that resulted in a stem structure disintegration. The saccharification 
models indicated that lignin contentwas the main factor determining saccharification yield. Without 
pretreatment, also lignin composition played a role, whereas with acid pretreatment lignin composition 
was not important anymore. In both cases, without and with acid pretreatment, other cell wall factors, 
such as xylose, galactose, and arabinose contents, affected the saccharification yields. Our results 
contribute to a better understanding of the effect of lignin perturbations on plant cell wall composition 
and its influence on saccharification yield. These results provide new potential targets for genetic 
improvement, such as the biosynthesis of arabinogalactan, mannans, or xyloglucans to increase the 
galactose content. 
 
MATERIALS AND METHODS 
Plant material 
For ten different genes involved in lignin biosynthesis, two Arabidopsis thaliana (L.) Heyhn. mutant 
alleles were used in this study, including pal1-2, pal1-3, pal2-2, pal2-3, c4h-2, c4h-3, 4cl1-1, 4cl1-2, 4cl2-
1, 4cl2-3, ccoaomt1-3, ccoaomt1-5, ccr1-3, ccr1-6, f5h1-2, f5h1-4, comt-1, comt-4, cad6-1, and cad6-4. 
For a schematic presentation of the 20 mutants and their residual expression, see Vanholme et al. [32]. 
Sixteen biological replicates of each homozygous mutant and 32 biological replicates for the wild-type 
were grown simultaneously in a random block design, spread over different trays, in the same 
environment. Because of their delayed development, c4h-2, ccr1-3, and ccr1-6 were planted 2 weeks in 
advance to allow simultaneous bolting. Plants were grown first under short-day conditions (8 h light, 
21°C, and 55% humidity) during 6 weeks and then transferred to long-day conditions (16 h light, 21°C, 
and 55% humidity) to allow the development of a single tall inflorescent stem. For all biological repeats, 
the main stem was harvested just above the rosette when the plant was completely senesced and dry. 
Once harvested, rosette leaves, axillary inflorescences, and siliques were removed. The main stem was 
weighed and the bottom 1 cm was removed. The lowest 10 cm of the remaining stem was chopped in 2-
mm pieces. Biological repeats were pooled two by two to obtain 8 biological replicates for the mutant 
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alleles and 16 repeats for the wild-type. These pooled samples were used for wet-chemistry cell wall 
analyses and saccharification assays.  
For the comparison between the wild-type with different heights and c4h-2, ccr1-3, and ccr1-6, twelve 
plants were harvested for the three mutant lines and ten for each height of the wild-type. Plants were 
grown as described above. The mutant alleles were grown until senescence, the wild-type plants were 
harvested when the inflorescence stem reached 5, 10, 15, or 27 cm. Also wild-types at their final height 
were harvested when the stems were still green as well as senesced wild-types. The green stems of the 
wild-types with different heights were cut just above the rosette, immediately frozen in liquid nitrogen, 
and stored at -80°C. For this growth of the wild-types and mutants and in order to obtain enough 
material to perform all cell wall and saccharification assays, the bottom 1 cm was not removed and the 
bottom 15 cm, instead of 10 cm as described before, was cut in 2-mm pieces. For plants with a final 
height larger than 15 cm, only the bottom 15 cm was cut in 2-mm pieces. The inflorescences of plants 
smaller than 15 cm were completely cut in 2-mm pieces. Once cut, the pieces were dried in a 
speedvac. Pooling resulted in 2 repeats (of 5 stems) for wild-type height 5 cm, 4 pools (of 2 stems) for 
wild-type height 10 cm, 6 pools (of 2 stems) for wild-type height 15 cm, 6 individual stems for senesced 
wild-type, 6 pools (of 2 stems) for ccr1-3, 8 individual stems for wild-type height 27 cm, 9 individual 
stems for wild-type at final height but still green stems, 3 pools (of 3 stems) for c4h-2, and 12 individual 
stems for ccr1-6. A maximum of 6 pools or individual stems per wild-type height or mutant allele was 
analyzed. 
 
Lignin analyses 
Aliquots of 5 mg stem pieces were subjected to a sequential extraction to obtain a purified CWR. The 
extractions were done in 2-ml vials, each time for 30 min, at near boiling temperatures for water (98°C), 
ethanol (76°C), chloroform (59°C), and acetone (54°C). The remaining CWR was dried under vacuum. 
Lignin was quantified according to a modified version of the acetyl bromide method [39], optimized for 
small amounts of plant tissue. The dried CWR was dissolved in 0.1 ml freshly made 25% acetyl bromide in 
glacial acetic acid and 4 µl 60% perchloric acid. The solution was incubated for 30 min at 70°C while 
shaking (850 rpm). After incubation, the slurry was centrifuged at 14000 rpm for 15 min. To the 
supernatant, 0.2 ml of 2 M sodium hydroxide and 0.5 ml glacial acetic acid were added. The pellet was 
washed with 0.5 ml glacial acetic acid. The supernatant and the washing phase were combined and the 
final volume was adjusted to 2 ml with glacial acetic acid. After 20 min at room temperature, the 
absorbance at 280 nm was measured with a NanoDrop ND-1000 spectrophotometer (Thermo 
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Scientific, Wilmington, DE, USA). The lignin concentrations were calculated by means of the Bouguer-
Lambert-Beer law: A = ε x l x c, with ε = 23.35 L g-1 cm-1 [65] and l = 0.1 cm.  
The lignin composition was investigated with thioacidolysis as previously described [66]. The monomers 
involved in β–O–4-ether bonds, released upon thioacidolysis, were detected with gas chromatography 
(GC) as their trimethylsilyl (TMS) ether derivatives on a Hewlett-Packard HP 6890 Series GC system 
(Agilent, Santa Clara, CA, USA) coupled with a HP-5973 mass-selective detector. The GC conditions were 
as described [66]. The quantitative evaluation was carried out based on the specific prominent ions for 
each compound. A summary of the specific ions for each identified compound can be found in 
Supplementary Table 4.6. Response factors for H, G, and S units were taken from [67]. Because we had 
no standards for the minor lignin units, a response factor of 0.47 was used, which is the average of the 
three response factors for the major lignin units. 
 
Polysaccharide analyses 
Aliquots of 4 mg dry stem pieces were sequentially extracted to obtain a purified CWR, as described 
above. To estimate the amount of cellulose, we used a colorimetric method (based on [36,37]). The CWR 
was incubated with 2 M TFA and 20 µl inositol (5 mg ml-1) for 2 h at 99°C while shaking (750 rpm). This 
TFA extract was used for the determination of the sugar composition of matrix polysaccharides (see 
below). After incubation, the remaining pellet was washed three times with water and twice with 
acetone and dried under vacuum. Concentrated sulfuric acid (150 µl) and 30 µl 5% (w/v) phenol (freshly 
made in water) were added to the dried pellet and incubated for 1 h at 90°C with gentle shaking (500 
rpm). After centrifugation for 3 min at 14000 rpm, a 50 µl aliquot of the supernatant was diluted 20 
times with MilliQ-water (Millipore, Billerica, MA, USA) to measure absorbance at 493 nm. The amount of 
cellulose was calculated back from a standard curve of Avicel PH-101 (FMC BioPolymer, Philadelphia, 
PA, USA). 
To determine the different monosaccharides present in the TFA extract, 800 µl TFA extract was dried 
under vacuum and further converted to the corresponding alditol acetates as described [68]. The GC-MS 
analyses were carried out with a mass-selective detector (HP 5973 model; Agilent), interfaced to a GC 
(HP 6890 model; Agilent) equipped with an automated sample injector and an VF-5 ms capillary column 
(30 m x 0.25 mm). The GC conditions were as described [69]: the oven was kept at 100°C for 1 min, 
increasing the temperature to 245°C at a rate of 20°C min-1, held at 245°C for 30 min, and decreasing the 
temperature to a final temperature of 100°C at a rate of 30°C min-1. Peak areas of the different sugars 
were normalized with the peak area of the internal standard inositol (20 µl, 5 mg ml-1). Response factors 
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were determined based on standard curves for each of the different sugars: rhamnose (2.01), fucose 
(2.05), arabinose (1.35), xylose (1.35), mannose (1.45), glucose (1.59), and galactose (1.55). 
 
Analysis of xylan structure 
Senesced stems (10 mg) from five biological replicates of each genotype were incubated at 70°C in 96% 
ethanol for 20 min and then homogenized using a ball mixer mill (Glen Creston, London, UK). The 
insoluble material was washed with 100% ethanol, twice with chloroform:methanol (2:1), and then 
successively washed with 65%, 80%, and 100% ethanol prior to air drying to produce an alcohol-insoluble 
residue (AIR). AIR (100 µg) was pretreated with 4 M NaOH (20 µl) for 1 h at 21°C to make the xylan 
enzyme accessible, neutralized, and then resuspended in 500 µl 0.1 M ammonium acetate buffer (pH 
5.5). Samples were incubated overnight at 21°C with an excess of the xylanase NpXyn11A (a kind gift of 
Harry Gilbert, University of Newcastle, UK) to ensure complete digestion. 
The samples were dried under vacuum and analyzed by DASH. The xylanase-released oligosaccharides or 
quantitation standards and appropriate controls were derivatized with 8-aminopyrene-1,3,6-trisulfonic 
acid (APTS; Biotium, Hayward, CA, USA). The dried oligosaccharide sample was combined with 10 µl APTS 
(0.02M in 1.2 M citric acid) and 10 µl 0.1 M NaCNBH3 solutions. Following overnight incubation (30°C), 
the samples were diluted to 1 µg ml-1 initial AIR, of which 10 to 30 µl were loaded into a 96-well 
microtitre plate, and analyzed by capillary electrophoresis with a laser-induced fluorescence (CE-LIF) on a 
Applied Biosystems 3730xl DNA Analyzer (Life Technologies, Carlsbad, CA, USA).Peaks were identified by 
co-migration with known standards and quantified based on peak area using quantitation standards 
analyzed in parallel. Oligosaccharides Xyl, Xyl2, GlcA Xyl4, and MeGlcA Xyl4 were used to calculate the 
degree of xylan branching and the proportion of GlcA methylation, as described previously with the 
polysaccharide analysis using the carbohydrate gel electrophoresis technique [70]. 
 
Saccharification assays 
The protocol for saccharification of senesced Arabidopsis inflorescences was as follows. Aliquots of 10 
mg of dry 2-mm stem segments were used. The biomass was pretreated with 1 ml of 1 N HCl at 80°C for 
2 h, while shaking (850 rpm). The acid extract was removed and the pretreated material was washed 
three times with 1 ml water to obtain neutral pH. Subsequently, the material was incubated with 1 ml 
70% (v/v) ethanol overnight at 55°C. The remaining biomass was washed three times with 1 ml 70% (v/v) 
ethanol, once with 1 ml acetone, and dried under vacuum for 45 min. For the saccharifications without 
pretreatment, 10 mg aliquots of dry stem segments were immediately incubated with 1 ml 70% (v/v) 
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ethanol overnight at 55°C. The extracted material was washed three times with 1 ml 70% (v/v) ethanol, 
once with 1 ml acetone, dried under vacuum for 45 min, and weighed. As this overnight ethanol 
extraction is an alternative procedure for cell wall preparation, the percentage of CWR in dry matter, 
specific for saccharification, could be calculated based on the weights before and after overnight ethanol 
extraction. As inclusion of the acid pretreatment prior to the overnight ethanol extraction removed some 
cell wall components, weighing the material after acid pretreatment and ethanol extraction overnight 
underestimated the amount of CWR. Therefore, the CWR data from untreated samples were taken to 
calculate the glucose release with acid pretreatment per CWR. 
The ethanol-extracted residue, after acid pretreatment or no pretreatment, was dissolved in 1 ml acetic 
acid buffer solution (pH 4.8) and incubated at 50°C. The enzyme mix added to the dissolved material 
contained cellulase from Trichoderma reseei ATCC 26921 and β-glucosidase (Novozyme, Bagsvaerd, 
Denmark) in a 5:3 ratio. Both enzymes were first desalted over an Econo-Pac 10DG-column (Bio-Rad, 
Hercules, CA, USA), stacked with Bio-gel P-6DG gel (Bio-Rad) according to the manufacturer’s 
guidelines. The desalted β-glucosidase was 350-fold diluted prior to mixing with desalted cellulase. The 
enzyme mix was further diluted tenfold and the activity of the diluted enzyme mix was measured with a 
filter paper assay [71]. To each biological sample, dissolved in acetic acid buffer (pH 4.8), the enzyme mix 
with an activity of 0.06 filter paper units was added. After a short spinning to remove droplets from the 
lid of the reaction tubes, 20 µl aliquots of the supernatant were taken after 48 h of incubation at 50°C 
and 30-fold diluted with acetic acid buffer (pH 4.8). The concentration of glucose in these diluted 
samples was measured indirectly with a spectrophotometric color reaction (glucose oxidase-peroxidase; 
GOD-POD). A 100 ml aliquot of the reaction mix from this color reaction contained 50 mg ABTS, 44.83 mg 
GOD (Sigma-Aldrich, St. Louis, MO, USA), and 173 µl of 4% (w/v) POD (Roche Diagnostics, Brussels, 
Belgium) in acetic acid buffer (pH 4.5). To measure the concentration of glucose, 50 µl of the diluted 
samples was added to 150 µl GOD-POD solution and incubated for 30 min at 37°C. The absorbance was 
measured spectrophotometrically at a wavelength of 405 nm. The concentration in the original sample 
was calculated with a standard curve based on known D-glucose concentrations (Sigma-Aldrich). 
 
Descriptive statistics and significance tests 
All statistical analyses were performed with SAS 9.2 (SAS Institute Inc., 2008, Cary, North Carolina). 
Mixed model analysis was performed for each variable to test whether there was a significant line effect. 
Tray was put as a random effect in the model. The significance of the tray effect was assessed with a 
likelihood ratio test, using a mixture distribution of χ1
2 and χ0
2. When model assumptions were not met, 
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box-cox powertransformations were applied to ensure the validity of the model. All variables were ≥ 0. 
To variables that also contained values between 0 and 1, the value 1 was added prior to transformation. 
Osborne [72] pointed out that for some transformations numbers between 0 and 1 are treated 
differently tha numbers above 1. In cases where no suitable powertransformation was possible, the 
nonparametric Friedman test was used. The applied transformations were as follows: 
 
H = square root of (H+1); 
bis-β‒O‒4-FA = (bis-β‒O‒4-FA + 1)0.2; 
β‒O‒4-FA = loge (β‒O‒4-FA + 1); 
G aldehyde = 1/(Gald + 1); 
S aldehyde = 1/(Sald + 1); 
glucose = 1/square root (glucose); 
galactose = loge (galactose) 
 
A nonparametric analysis was applied to %H, %G, and %S. Post-hoc Dunnett’s tests (2-sided) were 
performed to test for significant differences between a particular line and wild-type. Differences with a 
Dunnett adjusted p-value < 0.01 were considered significant. Differences are reported on their original 
scale, however the null hypotheses are valid on the transformed scale only. For the nonparametric test 
approximations to the rank-sum multiple comparisons were obtained. 
Saccharification yield (mg glucose/mg CWR) was measured at different timepoints. A repeated 
measurements analysis was performed using a linear spline model with knots at timepoints 3 h, 8h, and 
24 h based on the line plots. Several covariance structures were modeled. The model with the lowest AIC 
value was the model with an unstructured covariance. Tray was also included in the model as a random 
effect. The significance of the tray effect was assessed with a likelihood ratio test, using a mixture 
distribution of χ1
2 and χ0
2. The full model was: 
 
Saccharification yield = intercept+tray+line+time+time*line+time3+time3*line+time8+time8*line 
+time24+time24*line 
 
One-sided post-hoc Dunnett’s tests were performed at 48 h to test for significant increases in 
saccharification yield in a particular line compared to the wild-type. Separate analyses were performed 
for the experiments with and without pretreatment. 
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Statistical modeling of saccharification yield 
To understand which factors had the most significant influence, the saccharification yield in mg per mg 
dry weight at 48h was modeled separately for the analysis with and without pretreatment by means of 
multiple linear regression. Data from the two ccr1 and the c4h-2 mutants were not taken into account. 
The factors that were considered to influence the glucose release were lignin (mg), S/G, ferulic acid (bis-
β‒O‒4-FA, µmol), the three most abundant sugars (arabinose (µg), galactose (µg), and xylose (µg)), 
cellulose (mg), and matrix polysaccharides (mg). All factors were expressed on a mg dry weight basis. In a 
first step, all correlations between the different independent variables were investigated to avoid 
multicollinearity. As the correlation between arabinose and galactose (r = 0.94, p < 0.0001) was very 
high, arabinose was eliminated from the model. Multicollinearity was monitored with the variance 
inflation factor (VIF) of which the square root indicates how much larger the standard error is compared 
with what it would be if the variables were uncorrelated with the other independent variables in the 
equation. Models were built by manual backward selection with removal of one severe outlier. The R2 of 
the final model for the saccharification yield was 0.70 and 0.71 without and with pretreatment, 
respectively. The effect of pretreatment was also modeled with the same covariates; the R2 of the final 
model for this pretreatment effect was 0.58. 
 
Statistics for development 
Based on the values for the wild-types with different heights, the best fitting curve was plotted by means 
of xcell (Microsoft Office). For every cell wall parameter analyzed, the best fitting curve could be 
described with a polynomial equation. Using this polynomial equation, the theoretical value for the 
different cell wall polymers, corresponding to the exact height of the mutant, was calculated. Using a 
one sample t-test the average experimentally measured value for the mutant could be compared with 
the theoretical value. 
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Supplementary Table 4.1: Height and biomass were determined on fully senesced primary inflorescence stems (free of rosette 
leaves, axillary stems, and siliques). The data represent the average value of 16 biological repeats for the mutants and 32 
biological repeats for the wild type (± SD). The cell wall residue (CWR) (expressed as % dry weight), was determined 
gravimetrically after a sequential extraction (mutants, n=8; wild type, n=16). Italics: decrease compared to the wild type. * p < 
0.001 (Dunnett adjusted t-test). 
 
Line Height (cm) Mass (mg) % CWR 
WT Col-0 49.6 ±3.7 64.3 ± 9.9 78.4 ± 1.7 
pal1-2 49.4 ± 3.0 63.4 ± 13.5 76.6 ± 1.9 
pal1-3 49.3 ± 3.5 57.5 ± 10.3 76.3 ± 3.5 
pal2-2 48.8 ± 2.4 62.5 ± 9.5 77.7 ± 1.8 
pal2-3 45.6 ± 2.9 54.6 ± 14.4 76.7 ± 1.8 
c4h-2 35.4 ± 4.9* 31.1 ± 8.6 76.6 ± 2.3 
c4h-3 49.9 ± 2.8 55.9 ± 12.9 78.7 ± 1.8 
4cl1-1 49.2 ± 2.0 63.4 ± 8.5 79.1 ± 2.4 
4cl1-2 49.2 ± 2.7 62.5 ± 8.2 78.3 ± 2.3 
4cl2-1 47.9 ± 3.8 59.6 ± 13.5 77.3 ± 0.8 
4cl2-3 48.2 ± 3.9 62.9 ± 15.8 77.2 ± 3.0 
ccoaomt1-3 45.9 ± 4.9 44.5 ± 10.2* 77.8 ± 3.3 
ccoaomt1-5 45.9 ± 2.4 57.6 ± 11.7 77.1 ± 2.5 
ccr1-3 8.6 ± 1.9* 14.9 ±1.5* 67.1 ± 4.0* 
ccr1-6 32.5 ± 2.3* 45.4 ± 6.5* 72.6 ± 2.9* 
f5h1-2 45.0 ± 1.8 59.3 ± 8.6 78.7 ± 1.6 
f5h1-4 47.1 ± 4.2 60.5 ± 18.3 78.6 ± 2.1 
comt-1 47.4 ± 3.1 56.3 ± 13.4 76.7 ± 1.7 
comt-4 47.4 ± 6.7 58.4 ± 13.3 77.0 ± 2.3 
cad6-1 51.2 ± 2.2 63.1 ± 9.6 80.0 ± 2.3 
cad6-4 46.1 ± 2.6 54.5 ± 10.1 78.2 ± 1.7 
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Supplementary Table 4.2: Absolute values of the acetyl bromide lignin content, cellulose content, and matrix polysaccharide 
content. The values represent averages of 8 biological replicates for the mutants and sixteen biological replicates for the wild-
type (± SD). All data are expressed as percentage CWR. Bold; increase compared to the wild-type; italics: decrease compared to 
the wild-type. * p < 0.001 (Dunnett adjusted t-test). 
 
Line lignin cellulose matrix polysaccharides 
WT Col-0 14.5 ± 0.6 38.9 ± 2.3 35.6 ± 1.4 
pal1-2 14.0 ± 0.6 41.6 ± 5.4 35.7 ± 1.8 
pal1-3 13.9 ± 0.8 42.9 ± 4.0 37.3 ± 1.1 
pal2-2 14.1 ± 1.0 41.5 ± 4.6 37.1 ± 1.5 
pal2-3 14.2 ± 0.9 41.4 ± 2.5 36.8 ± 1.7 
c4h-2 6.0 ± 0.4** 36.3 ± 2.1 42.9 ± 1.7** 
c4h-3 9.3 ±0.3** 40.7 ± 3.0 38.7 ± 0.9** 
4cl1-1 10.8 ± 0.5** 41.4 ± 2.6 37.8 ± 1.4** 
4cl1-2 10.8 ± 0.7** 40.7 ± 2.8 39.4 ± 1.2** 
4cl2-1 14.3 ± 0.7 37.8 ± 2.2 38.9 ± 1.4** 
4cl2-3 14.0 ± 0.5 38.5 ± 2.3 38.3 ± 1.3** 
ccoaomt1-3 11.4 ± 1.7** 39.8 ± 1.7 39.6 ± 1.4** 
ccoaomt1-5 10.9 ± 0.4** 41.0 ± 2.6 38.4 ± 1.4** 
ccr1-3 7.1 ± 0.7** 23.4 ± 3.5** 46.6 ± 1.5** 
ccr1-6 6.9 ± 0.4** 30.9 ± 2.6** 44.6 ± 1.3** 
f5h1-2 15.9 ± 0.6* 31.7 ± 2.0** 35.7 ± 1.3 
f5h1-4 15.3 ± 0.08 32.8 ± 3.2** 35.8 ± 1.3 
comt-1 13.7 ± 1.0 33.4 ± 1.8** 37.2 ± 1.7 
comt-4 14.1 ± 0.9 33.2 ± 2.1** 36.1 ± 0.9 
cad6-1 14.5 ± 0.8 40.6 ± 3.2 34.8 ± 1.2 
cad6-4 14.4 ± 0.7 38.9 ± 3.3 36.2 ± 1.1 
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Supplementary Table 4.3: Pearson correlation matrix between phenotypic traits, cell wall polymers, and saccharification. The data of wild-type 
and all mutants except c4h-2, ccr1-3, and ccr1-6 were used to build the correlation matrix (Tables 4.1, 4.2, 4.3 and Supplementary Tables 4.1, 
4.2). The upper half describes the p-values, the bottom half the Pearson correlation coefficients (r). Orange: r (and their corresponding p-values) 
> 0.7; blue: 0.6 < r < 0.7; green: 0.5 < r < 0.6. A correlation coefficient of 0.7 indicates a strong linear relation, 0.6 < r < 0.7 indicates a medium 
strong relation, 0.5 < r < 0.6 indicates a weak linear relation. Sacch 0: saccharification yield without pretreatment; sacch 1: saccharification yield 
with acid pretreatment; conversion 0: cellulose conversion without pretreatment; conversion 1: cellulose conversion with acid pretreatment. 
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mass   <0.0001 0.0192 0.0967 0.2515 0.1046 0.0248 0.0804 0.1738 0.4887 0.2970 0.3859 0.0956 0.9364 0.7069 
height 0.71   0.1456 0.4658 0.3925 0.1715 0.5334 0.8716 0.8078 0.3261 0.9718 0.1820 0.0088 0.6382 0.1363 
% CWR -0.19 -0.12   0.0773 0.4889 0.0028 0.8005 0.7882 0.6346 0.3164 0.5415 0.0380 0.6815 0.0416 <0.0001 
cellulose -0.14 0.06 0.14   <0.0001 0.5794 0.8769 0.1018 0.0890 <0.0001 0.0054 0.6778 0.1010 0.4507 0.0002 
lignin 0.09 -0.07 -0.05 -0.34   <0.0001 <0.0001 <0.0001 <0.0001 0.0009 <0.0001 0.4629 0.0665 0.0010 0.0105 
matrix 
polysaccharides 
-0.13 -0.11 -0.24 0.05 -0.49   <0.0001 <0.0001 <0.0001 0.0008 <0.0001 0.0021 0.6930 0.2350 0.1105 
sacch 0 -0.18 -0.05 0.02 -0.01 -0.65 0.42   <0.0001 0.0015 <0.0001 <0.0001 0.7533 0.3689 0.1436 0.0463 
sacch 1 -0.14 0.01 0.02 0.13 -0.83 0.48 0.80   <0.0001 <0.0001 <0.0001 0.7090 0.0234 <0.0001 0.0214 
effect 
pretreatment 
-0.11 -0.02 -0.04 0.14 -0.63 0.35 0.26 0.75   0.3886 <0.0001 0.8676 0.0732 <0.0001 0.7809 
conversion 0 -0.06 -0.08 -0.08 -0.62 -0.27 0.27 0.78 0.51 0.07   <0.0001 0.7720 0.6745 0.5365 0.3484 
conversion 1 -0.09 0.00 -0.05 -0.23 -0.70 0.45 0.79 0.93 0.69 0.73   0.7339 0.1100 <0.0001 0.4598 
% rhamnose -0.07 -0.11 0.17 -0.03 -0.06 0.25 0.03 0.03 -0.01 0.02 0.03   0.0062 0.0163 <0.0001 
% fucose 0.14 0.21 0.03 0.13 -0.15 0.03 0.07 0.19 0.15 -0.03 0.13 0.22   0.1523 0.0241 
% arabinose 0.01 0.04 0.17 0.06 -0.27 -0.10 0.12 0.36 0.44 0.05 0.35 -0.19 0.12   0.2991 
% xylose -0.03 0.12 0.45 0.30 -0.21 -0.13 0.16 0.19 -0.02 -0.08 0.06 0.48 0.18 0.08   
% mannose -0.16 -0.11 0.15 -0.02 -0.11 0.06 -0.07 0.15 0.36 -0.06 0.16 0.69 0.19 0.13 0.38 
% glucose 0.05 -0.10 -0.42 -0.22 0.30 0.11 -0.20 -0.35 -0.24 -0.00 -0.26 -0.47 -0.31 -0.47 -0.88 
% galactose -0.08 -0.02 0.07 -0.11 -0.23 -0.08 0.23 0.40 0.49 0.25 0.46 -0.02 0.07 0.75 0.12 
H+G+S 0.31 0.25 0.12 0.31 -0.29 0.08 -0.11 0.05 0.09 -0.32 -0.08 0.02 0.16 0.16 0.03 
% H -0.05 -0.02 0.10 -0.03 -0.51 0.23 0.45 0.50 0.38 0.37 0.52 0.12 0.03 0.25 0.16 
% G -0.07 -0.24 0.01 -0.67 0.67 -0.38 -0.19 -0.48 -0.45 0.31 -0.22 0.01 -0.20 -0.20 -0.27 
% S 0.01 0.18 0.04 0.63 -0.63 0.36 0.18 0.45 0.43 -0.28 0.21 0.04 0.23 0.21 0.27 
% 5-OH-G -0.09 -0.03 -0.14 -0.35 0.04 -0.03 0.19 0.04 -0.05 0.40 0.20 -0.13 -0.10 0.02 -0.20 
% bis-β-O-4 FA -0.27 -0.27 0.22 -0.05 -0.27 0.06 0.15 0.24 0.26 0.14 0.26 0.13 0.11 0.19 0.03 
% β-O-4 FA-I -0.07 -0.19 -0.15 -0.19 -0.02 0.03 -0.19 0.11 0.59 -0.04 0.18 -0.04 -0.07 0.22 -0.39 
% β-O-4 FA-II -0.10 -0.31 -0.20 -0.32 0.01 0.07 0.03 0.11 0.36 0.24 0.24 0.06 -0.15 0.12 -0.31 
% G aldehyde 0.21 0.24 0.13 -0.14 0.02 -0.28 -0.09 -0.06 -0.01 0.03 0.01 -0.08 0.13 0.08 0.03 
% S aldehyde 0.07 0.13 0.12 0.09 0.08 -0.18 -0.17 -0.10 -0.02 -0.20 -0.13 -0.16 0.16 0.14 0.06 
S/G 0.01 0.18 0.04 0.57 -0.74 0.40 0.31 0.59 0.51 -0.14 0.37 0.04 0.24 0.27 0.28 
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mass 0.0458 0.5695 0.3324 0.0001 0.5453 0.4177 0.8871 0.2558 0.0010 0.4240 0.2395 0.0104 0.4208 0.8774 
height 0.1710 0.2353 0.7822 0.0024 0.8064 0.0029 0.0304 0.7163 0.0013 0.0221 0.0001 0.0036 0.1161 0.0294 
% CWR 0.0702 <0.0001 0.3795 0.1627 0.2427 0.8627 0.6478 0.0894 0.0085 0.0663 0.0193 0.1051 0.1465 0.6399 
cellulose 0.7623 0.0056 0.1723 <0.0001 0.7322 <0.0001 <0.0001 <0.0001 0.5478 0.0193 0.0001 0.0903 0.2888 <0.0001 
lignin 0.1678 0.0002 0.0043 0.0003 <0.0001 <0.0001 <0.0001 0.6520 0.0009 0.8308 0.8781 0.8196 0.3565 <0.0001 
matrix 
polysaccharides 
0.4967 0.1782 0.3390 0.3635 0.0046 <0.0001 <0.0001 0.7144 0.4892 0.7018 0.3815 0.0007 0.0284 <0.0001 
sacch 0 0.3897 0.0131 0.0041 0.1914 <0.0001 0.0181 0.0366 0.0203 0.0796 0.0242 0.7288 0.2687 0.0365 0.0001 
sacch 1 0.0602 <0.0001 <0.0001 0.5409 <0.0001 <0.0001 <0.0001 0.5922 0.0040 0.2000 0.1883 0.5065 0.2460 <0.0001 
effect pretreatment <0.0001 0.0030 <0.0001 0.3015 <0.0001 <0.0001 <0.0001 0.5721 0.0014 <0.0001 <0.0001 0.8652 0.8119 <0.0001 
conversion 0 0.4305 0.9970 0.0019 <0.0001 <0.0001 0.0001 0.0006 <0.0001 0.0837 0.6259 0.0043 0.7131 0.0157 0.0972 
conversion 1 0.0576 0.0015 <0.0001 0.3090 <0.0001 0.0086 0.0111 0.0147 0.0016 0.0252 0.0032 0.9224 0.1095 <0.0001 
% rhamnose <0.0001 <0.0001 0.8407 0.8219 0.1545 0.9324 0.6765 0.1128 0.1269 0.6697 0.4507 0.3656 0.0502 0.6266 
% fucose 0.0218 <0.0001 0.3599 0.0533 0.7048 0.0130 0.0066 0.2442 0.1765 0.4253 0.0662 0.1171 0.0527 0.0046 
% arabinose 0.0973 <0.0001 <0.0001 0.0543 0.0027 0.0149 0.0143 0.7746 0.0255 0.0062 0.1580 0.3189 0.0862 0.0012 
% xylose <0.0001 <0.0001 0.1451 0.7507 0.0498 0.0012 0.0012 0.0169 0.7065 <0.0001 0.0002 0.7399 0.4388 0.0009 
% mannose   <0.0001 <0.0001 0.4462 0.0087 0.8180 0.9759 0.9965 0.0055 <0.0001 0.0011 0.8365 0.4230 0.8340 
% glucose -0.56   <0.0001 0.6818 0.0003 0.0014 0.0012 0.2563 0.0425 0.1580 0.2067 0.3449 0.3552 0.0002 
% galactose 0.37 -0.52   0.0639 <0.0001 0.9778 0.7895 0.0002 0.0008 <0.0001 <0.0001 0.0660 0.9237 0.5030 
H+G+S -0.06 -0.03 -0.15   0.4711 <0.0001 <0.0001 0.0001 0.8669 0.0147 <0.0001 0.2475 0.8065 <0.0001 
% H 0.22 -0.29 0.39 -0.06   0.0164 0.0426 0.0314 <0.0001 0.3317 0.0087 0.0006 0.0017 0.0023 
% G 0.02 0.26 0.00 -0.51 -0.20   <0.0001 <0.0001 0.8704 0.0936 0.0001 0.0815 0.5841 <0.0001 
% S -0.00 -0.27 -0.02 0.50 0.17 -1.00   <0.0001 0.9470 0.0730 0.0003 0.0680 0.8583 <0.0001 
% 5-OH-G -0.00 0.09 0.30 -0.31 0.18 0.45 -0.56   0.1231 0.7018 0.3425 0.0039 0.3589 <0.0001 
% bis-β-O-4 FA 0.23 -0.17 0.28 -0.01 0.38 0.01 -0.01 0.13   0.0383 0.3600 0.0114 0.1152 0.7253 
% β-O-4 FA-I 0.37 0.12 0.44 -0.20 0.08 0.14 -0.15 0.03 0.17   <0.0001 0.6484 0.9967 0.1193 
% β-O-4 FA-II 0.27 0.11 0.35 -0.36 0.22 0.31 -0.30 0.08 0.08 0.74   0.4437 0.2726 0.0023 
% G aldehyde -0.02 -0.08 0.15 0.10 0.28 0.14 -0.15 0.24 0.21 -0.04 -0.06   0.4982 0.1042 
% S aldehyde -0.07 -0.08 -0.01 0.02 -0.26 -0.05 0.02 -0.08 0.13 0.00 -0.09 0.06   0.7577 
S/G 0.02 -0.31 0.06 0.48 0.25 -0.98 0.98 -0.50 0.03 -0.13 -0.26 -0.14 -0.03   
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Supplementary Table 4.4: Matrix polysaccharide composition for the 20 lignin mutants (n=8) and wild-type (n=16) (± SD). The 
absolute amounts of the different sugars are expressed as µg per mg dry weight. These absolute values for arabinose, xylose, and 
galactose were used to build the saccharification models. Bold: increase compared to wild-type. * 0.001 < p < 0.01, ** p < 0.001 
(Dunnett-Hsu adjusted t-test). 
 
 
Line rhamnose fucose arabinose xylose mannose glucose galactose 
WT Col-0 3.0 (0.1) 2.0 (0.3) 11.3 (0.6) 52.1 (1.5) 2.5 (0.1) 5.1 (1.7) 12.9 (0.4) 
pal1-2 2.8 (0.2) 1.9 (0.5) 12.5 (0.9) 51.8 (1.8) 2.2 (0.2) 9.5 (5.2) 13.6 (0.6) 
pal1-3 3.2 (0.2) 2.2 (0.3) 12.4 (0.6) 54.7 (2.6) 2.6 (0.2) 8.8 (4.5) 13.9 (0.5) 
pal2-2 3.2 (0.0) 2.2 (0.3) 11.8 (0.6) 53.7 (1.6) 2.7 (0.1) 6.8 (4.4) 13.5 (0.4) 
pal2-3 3.2 (0.1) 2.2 (0.1) 11.7 (0.8) 53.7 (1.6) 2.6 (0.2) 8.4 (5.4) 13.2 (0.4) 
c4h-2 3.7 (0.1)** 2.8 (0.5)** 15.9 (1.1)** 58.7 (2.3)* 2.9 (0.2) 3.2 (0.3) 15.9 (1.0)** 
c4h-3 3.0 (0.5) 2.4 (0.5) 13.2 (1.1) 54.4 (5.9) 2.6 (0.5) 2.5 (0.7) 14.2 (0.9)* 
4cl1-1 3.2 (0.2) 2.1 (0.4) 12.5 (0.5)* 55.3 (2.2) 2.7 (0.2) 4.1 (1.3) 13.9 (0.3) 
4cl1-2 3.5 (0.2)** 2.1 (0.3) 12.2 (0.8) 58.0 (2.7)* 3.0 (0.1)* 6.1 (2.0) 14.0 (0.7) 
4cl2-1 3.6 (0.1)** 2.2 (0.1) 11.8 (0.5) 55.0 (1.5) 2.7 (1.0) 8.7 (7.9) 13.4 (0.3) 
4cl2-3 3.6 (0.2)** 2.0 (0.4) 11.5 (0.6) 54.8 (2.1) 3.0 (0.2)* 7.3 (2.9) 13.4 (0.5) 
ccoaomt1-3 3.7 (0.1)** 2.3 (0.1) 12.1 (0.8) 58.0 (2.5) 3.1 (0.1)* 3.7 (0.7) 14.4 (0.5)* 
ccoaomt1-5 3.1 (0.2) 2.1 (0.4) 12.6 (1.1)** 53.2 (5.3) 2.8 (0.5) 4.7 (2.8) 14.7 (1.2)** 
ccr1-3 3.4 (0.3) 1.9 (0.4) 20.8 (1.9)** 54.4 (3.2) 2.6 (0.2) 5.6 (4.4) 19.7 (1.7)** 
ccr1-6 4.0 (0.3)** 2.5 (0.6) 17.5 (1.3)** 60.0 (4.3)** 3.0 (0.2)* 6.2 (2.8) 17.7 (0.8)** 
f5h1-2 3.5 (0.6)** 2.0 (0.3) 12.4 (1.9) 56.1 (9.6) 3.0 (0.4) 7.3 (2.3) 14.2 (2.1)* 
f5h1-4 3.2 (0.3) 1.9 (0.5) 11.5 (1.3) 51.0 (4.4) 2.6 (0.3) 8.4 (4.8) 13.2 (1.2) 
comt-1 3.3 (0.3) 2.0 (0.4) 12.1 (1.4) 53.7 (3.7) 2.8 (0.2) 7.3 (3.6) 14.0 (1.0)* 
comt-4 3.0 (0.1) 2.1 (0.4) 11.9 (0.5) 51.4 (1.3) 2.6 (0.1) 7.5 (3.3) 14.8 (0.4)** 
cad6-1 2.8 (0.1) 2.0 (0.4) 11.7 (0.6) 51.2 (1.7) 2.3 (0.1) 4.5 (2.6) 12.7 (0.3) 
cad6-4 2.9 (0.1) 2.0 (0.3) 11.4 (0.5) 51.6 (1.5) 2.5 (0.1) 6.4 (2.3) 13.0 (0.5) 
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Supplementary Table 4.5: Data used to build the models for saccharification yield without and with acid pretreatment and 
pretreatment effect. Saccharification yield without pretreatment (sacch0), with pretreatment (sacch1), lignin, cellulose, and 
matrix polysaccharides are expressed as mg per mg dry weight. Ferulic acid is expressed as μmol per mg dry weight. Arabinose, 
xylose, and galactose are expressed as μg mg-1 dry weight. 
 
line sacch0 sacch1 
pretreatment 
effect 
lignin S/G ferulic acid cellulose 
matrix 
poly 
saccharides 
ara xyl gal 
4cl1-1 0.08 0.12 50.54 0.09 0.62 0.000024 0.31 0.29 11.64 56.29 13.35 
4cl1-1 0.06 0.08 17.40 0.09 0.55 0.000091 0.35 0.29 12.75 54.21 13.60 
4cl1-1 0.07 0.10 29.89 0.09 0.62 0.000105 0.34 0.30 12.16 50.39 13.81 
4cl1-1 0.07 0.12 65.46 0.08 0.66 0.000098 0.34 0.32 12.94 57.56 14.24 
4cl1-1 0.07 0.11 49.68 0.08 0.70 0.000097 0.30 0.29 12.82 56.15 14.09 
4cl1-1 0.07 0.11 48.49 0.08 0.69 0.000065 0.31 0.29 12.24 55.10 13.93 
4cl1-1 0.07 0.10 51.61 0.09 0.70 0.000051 0.32 0.30 12.86 56.37 14.14 
4cl1-1 0.07 0.11 45.72 0.08 0.69 0.000027 0.35 0.27 12.68 56.39 13.72 
4cl1-2 0.07 0.10 44.21 0.10 0.55 0.000051 0.36 0.30 10.89 57.07 12.82 
4cl1-2 0.07 0.09 38.99 0.08 0.60 0.000074 0.33 0.30 11.75 59.36 13.98 
4cl1-2 0.07 0.09 28.75 0.09 0.56 0.000079 0.31 0.31 12.96 63.34 14.41 
4cl1-2 0.07 0.10 47.04 0.08 0.69 0.000117 0.32 0.32 12.53 58.35 14.31 
4cl1-2 0.07 0.10 37.72 0.08 0.68 0.000074 0.29 0.28 11.61 54.17 13.69 
4cl1-2 0.07 0.11 63.75 0.08 0.67 0.000055 0.33 0.30 12.11 56.12 13.41 
4cl1-2 0.07 0.11 52.24 0.08 0.69 0.000055 0.30 0.31 12.47 57.12 14.18 
4cl1-2 0.07 0.09 31.31 0.09 0.62 0.000021 0.31 0.31 13.44 58.08 14.96 
4cl2-1 0.06 0.07 11.41 0.11 0.39 0.000027 0.30 0.30 11.35 55.91 13.04 
4cl2-1 0.05 0.06 6.97 0.12 0.36 0.000078 0.31 0.31 12.92 55.22 13.80 
4cl2-1 0.06 0.07 15.12 0.10 0.40 0.000091 0.31 0.30 11.54 53.30 13.18 
4cl2-1 0.05 0.06 15.74 0.11 0.43 0.000103 0.27 0.30 11.97 56.33 13.44 
4cl2-1 0.05 0.06 13.47 0.11 0.51 0.000049 0.30 0.28 11.44 53.17 13.14 
4cl2-1 0.06 0.06 10.88 0.11 0.46 0.000059 0.30 0.30 11.66 56.79 13.50 
4cl2-1 0.07 0.06 -5.57 0.11 0.41 0.000061 0.27 0.33 11.46 56.22 13.61 
4cl2-1 0.06 0.06 10.11 0.12 0.45 0.000030 0.28 0.30 11.74 53.40 13.59 
4cl2-3 0.06 0.07 15.08 0.11 0.37 0.000026 0.31 0.29 10.89 56.29 12.75 
4cl2-3 0.05 0.06 6.58 0.11 0.37 0.000101 0.30 0.28 11.13 54.57 13.16 
4cl2-3 0.06 0.06 9.95 0.10 0.43 0.000107 0.31 0.29 10.92 54.55 12.94 
4cl2-3 0.06 0.06 6.51 0.12 0.39 0.000113 0.32 0.30 12.54 58.46 14.45 
4cl2-3 0.06 0.06 3.11 0.11 0.36 0.000091 0.28 0.29 12.00 52.85 13.73 
4cl2-3 0.06 0.06 11.34 0.10 0.46 0.000067 0.30 0.30 11.67 52.18 13.53 
4cl2-3 0.05 0.06 9.73 0.10 0.44 0.000073 0.26 0.31 11.62 53.31 13.31 
4cl2-3 0.06 0.06 9.02 0.11 0.39 0.000010 0.29 0.30 11.04 55.98 13.14 
c4h-3 0.07 0.13 81.81 0.08 0.87 0.000017 0.34 0.31 12.46 56.34 14.07 
c4h-3 0.08 0.13 69.48 0.08 0.73 0.000060 0.32 0.29 13.74 54.16 14.35 
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c4h-3 0.08 0.14 73.05 0.07 0.89 0.000067 0.33 0.30 13.50 57.27 14.35 
c4h-3 0.07 0.13 74.01 0.07 0.92 0.000059 0.33 0.30 13.63 59.21 14.38 
c4h-3 0.08 0.13 63.83 0.08 0.84 0.000068 0.28 0.30 13.66 55.03 14.38 
c4h-3 0.09 0.16 76.66 0.07 0.77 0.000040 0.34 0.30 13.42 59.22 14.44 
c4h-3 0.08 0.15 82.38 0.07 0.94 0.000036 0.29 0.31 14.36 53.03 15.37 
c4h-3 0.09 0.14 53.07 0.07 0.88 0.000026 0.32 0.30 10.89 40.89 12.08 
cad6-1 0.05 0.06 17.58 0.11 0.29 0.000040 0.31 0.28 11.34 53.15 12.41 
cad6-1 0.05 0.06 4.22 0.11 0.31 0.000086 0.30 0.29 11.89 51.04 13.02 
cad6-1 0.06 0.07 17.01 0.11 0.34 0.000110 0.32 0.26 12.95 49.45 13.15 
cad6-1 0.05 0.06 13.53 0.12 0.39 0.000122 0.28 0.28 11.40 52.76 12.65 
cad6-1 0.05 0.06 13.45 0.12 0.33 0.000125 0.33 0.25 11.28 48.46 12.31 
cad6-1 0.05 0.06 10.86 0.11 0.38 0.000108 0.33 0.28 12.35 52.66 12.70 
cad6-1 0.05 0.06 11.68 0.12 0.39 0.000089 0.36 0.27 11.35 50.18 12.60 
cad6-1 0.05 0.06 3.55 0.12 0.35 0.000009 0.36 0.26 11.12 51.92 12.45 
cad6-4 0.06 0.07 18.78 0.12 0.33 0.000030 0.31 0.28 10.72 50.68 12.62 
cad6-4 0.06 0.06 15.09 0.12 0.17 0.000059 0.27 0.28 12.39 52.14 14.12 
cad6-4 0.06 0.06 6.24 0.11 0.27 0.000092 0.31 0.27 11.69 53.13 12.87 
cad6-4 0.05 0.06 10.36 0.11 0.34 0.000118 0.35 0.27 11.51 53.44 13.04 
cad6-4 0.05 0.06 17.39 0.11 0.33 0.000103 0.29 0.27 10.94 51.05 12.55 
cad6-4 0.06 0.06 11.80 0.11 0.37 0.000070 0.30 0.27 11.17 48.79 12.57 
cad6-4 0.06 0.07 19.12 0.11 0.37 0.000059 0.28 0.29 11.47 51.15 13.00 
cad6-4 0.06 0.06 6.43 0.11 0.37 0.000055 0.31 0.27 11.56 52.61 12.85 
ccoaomt1-3 0.06 0.08 23.77 0.09 0.47 0.000091 0.30 0.30 11.46 58.22 13.80 
ccoaomt1-3 0.07 0.11 46.58 0.08 0.66 0.000153 0.33 0.30 11.22 59.77 14.04 
ccoaomt1-3 0.07 0.11 48.82 0.09 0.67 0.000083 0.30 0.29 11.70 55.38 14.20 
ccoaomt1-3 0.07 0.10 36.99 0.08 0.70 0.000104 0.29 0.29 11.92 54.89 14.37 
ccoaomt1-3 0.08 0.12 46.16 0.08 0.66 0.000083 0.32 0.31 11.50 58.11 14.38 
ccoaomt1-3 0.07 0.09 26.63 0.08 0.58 0.000001 0.32 0.30 12.37 57.23 14.72 
ccoaomt1-5 0.08 0.13 63.79 0.08 0.56 0.000037 0.31 0.31 11.50 56.30 13.97 
ccoaomt1-5 0.07 0.09 34.59 0.09 0.58 0.000083 0.35 0.29 11.32 56.81 13.66 
ccoaomt1-5 0.03 0.10 258.73 0.09 0.51 0.000074 0.28 0.27 14.71 41.74 17.33 
ccoaomt1-5 0.07 0.09 36.39 0.09 0.69 0.000162 0.31 0.30 13.25 48.96 14.63 
ccoaomt1-5 0.07 0.12 68.17 0.08 0.66 0.000082 0.30 0.27 12.05 55.17 14.45 
ccoaomt1-5 0.08 0.11 40.66 0.08 0.60 0.000075 0.32 0.29 12.48 53.96 14.20 
ccoaomt1-5 0.07 0.12 65.66 0.08 0.76 0.000109 0.29 0.29 12.09 54.80 14.15 
ccoaomt1-5 0.08 0.10 38.11 0.08 0.66 0.000062 0.32 0.30 13.22 57.72 15.32 
comt-1 0.07 0.09 21.52 0.12 0.01 0.000010 0.28 0.31 10.07 51.21 12.77 
comt-1 0.07 0.07 7.50 0.10 0.01 0.000062 0.25 0.28 12.39 54.08 14.36 
comt-1 0.07 0.08 11.26 0.10 0.00 0.000062 0.27 0.28 11.91 51.29 13.93 
comt-1 0.06 0.07 14.02 0.10 0.01 0.000091 0.25 0.27 12.03 53.38 13.72 
comt-1 0.06 0.08 20.24 0.10 0.00 0.000041 0.24 0.26 11.45 49.82 13.93 
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comt-1 0.07 0.08 16.43 0.11 0.01 0.000058 0.24 0.30 15.04 61.73 16.26 
comt-1 0.07 0.08 17.15 0.11 0.01 0.000020 0.25 0.28 12.33 55.39 14.24 
comt-1 0.07 0.08 11.29 0.11 0.00 0.000000 0.27 0.28 11.49 52.83 13.18 
comt-4 0.07 0.08 13.60 0.12 0.03 0.000029 0.26 0.27 11.03 53.11 14.40 
comt-4 0.06 0.07 14.66 0.11 0.04 0.000063 0.25 0.27 12.51 51.87 15.28 
comt-4 0.07 0.07 8.58 0.11 0.03 0.000082 0.27 0.28 11.71 50.85 14.56 
comt-4 0.06 0.07 12.80 0.10 0.04 0.000093 0.23 0.27 12.09 50.03 14.38 
comt-4 0.07 0.08 15.23 0.11 0.04 0.000069 0.25 0.27 12.09 51.22 14.89 
comt-4 0.07 0.08 7.19 0.10 0.03 0.000040 0.28 0.27 11.96 50.81 14.97 
comt-4 0.06 0.07 19.64 0.12 0.04 0.000051 0.25 0.29 11.59 50.08 14.72 
comt-4 0.08 0.08 -0.31 0.11 0.03 0.000000 0.24 0.27 12.54 53.63 15.26 
f5h1-2 0.06 0.06 -4.57 0.13 0.00 0.000035 0.23 0.27 10.98 51.24 13.15 
f5h1-2 0.06 0.06 2.14 0.13 0.00 0.000067 0.24 0.28 12.17 53.71 13.88 
f5h1-2 0.06 0.07 4.35 0.12 0.00 0.000116 0.28 0.27 11.63 54.18 13.32 
f5h1-2 0.06 0.06 5.76 0.12 0.00 0.000133 0.25 0.28 12.46 54.12 13.45 
f5h1-2 0.05 0.05 4.22 0.13 0.00 0.000123 0.25 0.26 11.03 52.19 12.87 
f5h1-2 0.06 0.06 -0.23 0.12 0.00 0.000062 0.25 0.26 12.41 53.03 13.88 
f5h1-2 0.06 0.06 1.74 0.12 0.00 0.000067 0.26 0.30 11.46 50.85 13.47 
f5h1-2 0.06 0.06 -0.39 0.12 0.00 0.000002 0.24 0.29 16.74 79.54 19.19 
f5h1-4 0.06 0.06 2.46 0.11 0.00 0.000022 0.28 0.27 10.76 50.45 12.99 
f5h1-4 0.06 0.06 4.04 0.12 0.00 0.000055 0.27 0.27 12.29 52.65 13.74 
f5h1-4 0.06 0.07 8.46 0.12 0.00 0.000084 0.23 0.29 13.16 51.96 14.07 
f5h1-4 0.06 0.07 19.24 0.13 0.00 0.000109 0.24 0.27 12.68 56.03 14.37 
f5h1-4 0.06 0.06 -0.23 0.12 0.00 0.000074 0.29 0.26 11.15 50.28 12.92 
f5h1-4 0.06 0.06 9.79 0.13 0.00 0.000072 0.25 0.27 10.25 51.71 12.44 
f5h1-4 0.06 0.06 5.53 0.12 0.00 0.000071 0.28 0.27 12.23 53.77 14.09 
f5h1-4 0.06 0.06 -3.06 0.12 0.00 0.000001 0.22 0.29 9.28 41.13 10.74 
pal1-2 0.06 0.02 -62.89 0.10 0.47 0.000031 0.34 0.26 11.42 51.66 12.99 
pal1-2 0.06 0.06 15.26 0.11 0.38 0.000062 0.40 0.29 13.26 53.47 14.29 
pal1-2 0.06 0.07 8.78 0.10 0.47 0.000084 0.26 0.29 13.81 50.10 14.50 
pal1-2 0.05 0.06 19.55 0.10 0.51 0.000079 0.27 0.28 13.22 50.90 13.98 
pal1-2 0.06 0.06 14.73 0.11 0.47 0.000070 0.33 0.26 12.16 52.19 13.54 
pal1-2 0.06 0.08 22.67 0.11 0.56 0.000045 0.33 0.27 11.83 54.32 13.18 
pal1-2 0.06 0.07 14.65 0.11 0.50 0.000067 0.32 0.26 11.61 48.85 13.04 
pal1-2 0.06 0.06 12.47 0.11 0.50 0.000001 0.30 0.28 12.36 52.97 13.44 
pal1-3 0.06 0.07 15.97 0.09 0.44 0.000017 0.32 0.29 11.57 54.90 13.39 
pal1-3 0.05 0.06 9.64 0.12 0.39 0.000070 0.40 0.29 12.82 56.43 14.54 
pal1-3 0.06 0.07 12.78 0.12 
 
0.000000 0.34 0.28 13.26 52.39 13.98 
pal1-3 0.06 0.07 19.30 0.11 0.49 0.000087 0.34 0.28 11.92 56.50 13.48 
pal1-3 0.06 0.07 15.83 0.10 0.51 0.000034 0.31 0.28 12.94 53.45 14.15 
pal1-3 0.06 0.07 17.23 0.10 0.47 0.000035 0.30 0.29 11.67 51.26 13.12 
99 
 
pal1-3 0.06 0.07 9.02 0.10 0.48 0.000041 0.31 0.30 12.18 53.18 13.96 
pal1-3 0.06 0.07 16.04 0.11 0.50 0.000001 0.32 0.30 12.80 59.13 14.64 
pal2-2 0.06 0.07 11.69 0.11 0.38 0.000035 0.34 0.28 11.63 56.69 13.56 
pal2-2 0.05 0.06 9.28 0.11 0.35 0.000067 0.39 0.28 12.11 53.92 13.58 
pal2-2 0.06 0.07 12.51 0.13 0.38 0.000104 0.29 0.28 11.54 52.80 13.45 
pal2-2 0.06 0.06 11.72 0.10 0.42 0.000088 0.33 0.28 12.41 54.34 14.05 
pal2-2 0.05 0.06 14.45 0.11 0.45 0.000040 0.31 0.28 12.39 53.04 13.80 
pal2-2 0.06 0.06 9.30 0.11 0.47 0.000057 0.33 0.28 11.20 53.17 13.21 
pal2-2 0.06 0.07 18.79 0.11 0.41 0.000057 0.27 0.31 12.15 51.07 13.40 
pal2-2 0.06 0.06 -5.57 0.10 0.45 0.000027 0.32 0.30 10.82 54.18 12.82 
pal2-3 0.06 0.06 5.63 0.10 0.39 0.000028 0.33 0.28 10.47 55.38 12.91 
pal2-3 0.06 0.06 8.68 0.11 
 
0.000000 0.29 0.29 12.68 54.12 13.74 
pal2-3 0.06 0.06 15.48 0.12 
 
0.000000 0.33 0.28 12.75 54.89 13.74 
pal2-3 0.05 0.06 13.25 0.10 0.47 0.000097 0.32 0.26 12.18 55.25 13.08 
pal2-3 0.05 0.06 17.39 0.11 0.48 0.000019 0.33 0.27 11.35 52.96 13.03 
pal2-3 0.06 0.06 -2.01 0.11 0.46 0.000042 0.33 0.29 11.10 51.95 12.78 
pal2-3 0.06 0.06 4.05 0.11 0.42 0.000050 0.29 0.29 11.35 50.84 12.87 
pal2-3 0.05 0.06 1.27 0.11 0.39 0.000045 0.32 0.29 11.43 53.89 13.23 
wt 0.06 0.06 16.44 0.13 0.41 0.000027 0.28 0.27 10.70 52.94 12.47 
wt 0.06 0.06 10.33 0.12 0.41 0.000037 0.29 0.28 11.33 52.28 13.20 
wt 0.05 0.05 6.04 0.12 0.41 0.000064 0.30 0.29 13.07 54.51 13.94 
wt 0.05 0.06 10.42 0.11 0.36 0.000083 0.31 0.27 11.44 51.01 12.90 
wt 0.06 0.06 11.33 0.12 0.40 0.000041 0.27 0.25 11.22 52.30 13.14 
wt 0.06 0.06 12.36 0.11 0.40 0.000075 0.31 0.29 11.60 51.84 12.78 
wt 0.05 0.05 4.39 0.11 0.38 0.000095 0.31 0.27 11.29 55.09 12.93 
wt 0.05 0.06 15.37 0.11 0.44 0.000064 0.31 0.27 12.02 53.21 13.24 
wt 0.05 0.06 13.28 0.11 0.39 0.000127 0.35 0.27 11.06 50.41 12.47 
wt 0.05 0.06 5.48 0.11 0.43 0.000042 0.31 0.26 10.68 51.34 12.54 
wt 0.05 0.06 12.28 0.10 0.47 0.000074 0.32 0.28 11.59 50.67 13.23 
wt 0.06 0.06 12.85 0.11 0.42 0.000054 0.32 0.28 10.69 49.91 12.39 
wt 0.06 0.06 10.93 0.11 0.45 0.000061 0.30 0.30 10.87 53.21 12.63 
wt 0.05 0.06 14.05 0.11 0.44 0.000031 0.32 0.29 10.74 52.09 12.72 
wt 0.05 0.06 9.71 0.11 0.40 0.000000 0.28 0.27 10.73 51.29 12.60 
wt 0.05 0.06 13.34 0.11 0.42 0.000011 0.28 0.25 11.20 50.86 12.67 
 
100 
 
Supplementary Table 4.6: List of specific prominent ions used to extract the ion-specific chromatograms and quantify the 
different lignin units, released during thioacidolysis, in the 20 mutants and the wild-type. Target ions and qualifiers are m/z 
values. 
 
Compound Target ion qualifier 1 qualifier 2 qualifier 3 
H 239 205 179 - 
G 269 235 209 418 
S 299 265 239 448 
5-OH-G 357 323 204 - 
bis-β-O-4 FA 269 282 252 389 
β-O-4 FA-I 338 323 308 249 
β-O-4 FA-II 339 192 207 385 
G aldehydes 293 354 - - 
S aldehydes 323 384 - - 
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Plant cell wall profiling by fast maximum likelihood reconstruction (FMLR) and region-of interest (ROI) 
segmentation of solution-state 2D 1H–13C NMR spectra 
 
Roger A. Chylla, Rebecca Van Acker, Hoon Kim, Ali Azapira, Purba Mukerjee, John L. Markley, Véronique 
Storme, Wout Boerjan, and John Ralph 
 
ABSTRACT 
Interest in the detailed lignin and polysaccharide composition of plant cell walls has surged within the 
past decade partly as a result of biotechnology research aimed at converting biomass to biofuels. High-
resolution, solution-state 2D 1H–13C HSQC NMR spectroscopy has proven to be an effective tool for rapid 
and reproducible fingerprinting of the numerous polysaccharides and lignin components in 
unfractionated plant cell wall materials, and is therefore a powerful tool for cell wall profiling based on 
our ability to simultaneously identify and comparatively quantify numerous components within spectra 
generated in a relatively short time. However, assigning peaks in new spectra, integrating them to 
provide relative component distributions, and producing color-assigned spectra, are all current 
bottlenecks to the routine use of such NMR profiling methods. 
We have assembled a high throughput software platform for plant cell wall profiling that uses spectral 
deconvolution by Fast Maximum Likelihood Reconstruction (FMLR) to construct a mathematical model of 
the signals present in a set of related NMR spectra. Combined with a simple region-of-interest (ROI) 
table that maps spectral regions to NMR chemical shift assignments of chemical entities, the 
reconstructions can provide rapid and reproducible fingerprinting of numerous polysaccharide and lignin 
components in unfractionated cell wall material, including derivation of lignin monomer unit (S:G:H) 
ratios or the so-called SGH profile. Evidence is presented that ROI-based amplitudes derived from FMLR 
provide a robust feature set for subsequent multivariate analysis. The utility of this approach is 
demonstrated on a large transgenic study of Arabidopsis requiring concerted analysis of 91 ROIs 
(including both assigned and unassigned regions) in the lignin and polysaccharide regions of almost 100 
related 2D 1H–13C HSQC spectra. 
We show that when a suitable number of replicates are obtained per sample group, the correlated 
patterns of enriched and depleted cell wall components can be reliably and objectively detected even 
prior to multivariate analysis. The analysis methodology has been implemented in a publicly-available, 
cross-platform (Windows/Mac/Linux), web-enabled software application that enables researchers to 
view and publish detailed annotated spectra in addition to summary reports in simple spreadsheet data 
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formats. The analysis methodology is not limited to studies of plant cell walls but is amenable to any 
NMR study where ROI segmentation techniques generate meaningful results. 
 
INTRODUCTION 
Interest in the detailed lignin and polysaccharide composition of plant cell walls has surged within the 
past decade partly as a result of biotechnology research aimed at converting biomass to biofuels [73,74]. 
Numerous studies have established the link between the relative amount of lignin and cellulose in 
vascular tissues and the accessibility of plant cell walls to chemical, enzymatic, and microbial digestion 
[3,7,74]. Comparisons of different species [75], and transgenic studies in which synthesis of cell wall 
components is genetically modified [3,7,8], are particularly useful in identifying these linkages. 
High-resolution, solution-state 2D 1H–13C HSQC NMR spectroscopy has proven to be an effective tool for 
rapid and reproducible fingerprinting of the numerous polysaccharides and lignin components in 
unfractionated plant cell wall materials [76-80]. Recent advances in “ball-milled” sample preparations 
dissolved or swelled in organic solvents have enabled unfractionated material to be profiled without the 
need for component isolation [81,82]. The heterogeneous and highly polymeric nature of the ball-milled 
cell wall material, in which polymers are of significantly lower degree of polymerization (DP) than in the 
intact cell wall (where DP of cellulose is ~7000-15000) [82], results in spectra with broad linewidths and 
considerable complexity. However, the dispersion provided by the two-dimensional correlation of 
protons to their attached 13C nuclei, at natural abundance, enables resolution and assignment of 
numerous lignin, cellulose, and hemicellulosic components. The 2D 1H–13C HSQC experiment is thus a 
powerful tool for cell wall profiling based on our ability to simultaneously identify and comparatively 
quantify numerous components within spectra generated with relatively short acquisition times (15-20 
min/sample, but up to 5 h if excellent signal-to-noise and the ability to detect minor components is 
desirable). 
As sample preparation and data acquisition methods have improved [79,80], the task of spectral analysis 
has become a bottleneck in large studies. NMR-based chemometrics is one data analysis approach 
recently applied to investigate structural/compositional differences between wood samples from 
Populus [83]. Chemometrics is a multivariate approach with an extensive history in metabonomics 
[84,85]. General strengths of a multivariate approach that simultaneously examines features from 
different sample groups include the ability to detect subtle patterns among features across sample 
groups, albeit sometimes with confusion by artifacts [81], and assess the relative importance of each 
feature for group discrimination [83]. 
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NMR-based chemometrics is characterized by a sequence of steps involving: i) NMR data processing, 
including baseline correction if necessary; ii) generation of a feature set usually by selecting intensity 
values on each peak or summing over segmented regions (spectral binning); iii) production of a data 
table in which each sample represents a row and the features are columns; iv) normalization (row-based) 
and scaling (column-based) of the data; and v) multivariate statistical modeling. The greatest pitfalls lie in 
feature selection (step ii). Originally developed as a rapid and consistent method to generate data sets 
automatically and handle problems of peak “drift”, spectral binning unfortunately reduces spectral 
resolution and can generate artifacts in crowded spectra where the boundary of a bin may lie at the 
center of a signal. Even when the full resolution spectrum is used without binning, the common 
technique of analyzing 2D data by generating a 1D row vector from the 2D grid results in a loss of 
correlation information between the 1H and 13C intensity values during the analysis process, although 
this may be retained by indexing the 1D data so that 2D spectra can be recreated, including after, for 
example, principal component analysis [83]. 
An alternative to peak-based or bin-based feature selection is to mathematically model the data and use 
the modeled parameters as features for subsequent analysis. If the model can efficiently represent the 
relevant features of the data, the modeling step dramatically reduces the number of columns in the data 
matrix (data reduction) without loss of relevant information or generation of artifacts. Recently, spectral 
deconvolution using FMLR was shown to accurately quantify metabolites in 2D 1H–13C HSQC spectra 
[86,87]. FMLR constructs the simplest time-domain model (e.g., the model with the fewest number of 
signals and parameters) whose frequency spectrum matches the visible regions of the spectrum 
obtained from identical Fourier processing of the data [88,89]. 
Spectral analysis of 2D 1H–13C HSQC NMR data by FMLR would appear to be an attractive approach for 
high throughput plant cell wall profiling in the following respects: 
i. FMLR has already been shown to accurately model the characteristics of complex 2D 1H–13C 
HSQC solution spectra [86], and can be performed with minimal input information and operator 
intervention (moderately high throughput). 
ii. Because of the high spectral dispersion inherent in 2D 1H–13C NMR data, the detailed but 
localized amplitude and frequency information derived from FMLR should be easily combinable with 
assigned region-of-interest (ROI) tables to generate the relative concentration of cell wall components in 
each sample (cell wall component profiles). Previous work has shown the utility of ROI-segmentation in 
quantitative 2D 1H–13C NMR studies [90,91]. 
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iii. ROIs that correspond to a resolved peak or peak cluster can be defined even when the NMR 
assignment is tentative or unknown. The cell wall component profiles are thus suitable for both 
untargeted and targeted profiling. 
iv. Simple visual inspection of the cell wall component profiles might suffice to identify patterns 
of enrichment and depletion of various components between sample groups. 
v. The cell wall component profiles are also a robust feature set for input into multivariate 
analysis. 
 
We apply here the spectral analysis methodology of FMLR with ROI-based segmentation to a large (98 
samples) 2D 1H–13C NMR study of Arabidopsis lignin mutants and controls involving 20 sample groups (10 
consolidated groups). Our focus here is not on biological conclusions to be drawn from the study (see 
beginning of this chapter), but on the methodology and software implementation of data analysis for 
powerful cell wall profiling by NMR. 
 
RESULTS AND DISCUSSION 
Region of interest specification 
After processing the spectra and creating the ensemble, a set of 91 ROIs were specified as 2D rectangles 
along the 1H and 13C axis as shown in the lignin, lignin-polysaccharide, and polysaccharide-anomeric 
regions of Figure 4.9. The spectral regions shown in each figure were obtained from a selected spectrum 
from the wild-type sample group of Arabidopsis. The boundaries were graphically drawn to segment the 
spectrum into clusters of signals that are resolved from one another (although the signals within a 
cluster may be only partially resolved). Assignments of plant cell wall components from previous studies 
[79,80] using model compounds were used to assign 52 of the 91 ROIs (Fig. 4.9). Once specified for a 
given study, a ROI table can be exported and imported into other studies with minimal adjustment. 
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Figure 4.9: Annotated high-resolution, solution-state 2D 1H–13C HSQC NMR of a wild-type Arabidopsis spectrum in the A) lignin, 
B) lignin-polysaccharide, and C) polysaccharide regions. The rectangular boxes denote ROIs that correspond to assigned NMR 
transitions (colored boxes with annotations) or simply resolved regions of the spectrum that have yet to be assigned (gray 
boxes). The unassigned regions are associated with an ID that is used to identify them in the feature matrix. To avoid crowding 
the figure, the ID does not appear as a label. The lowest contour in the figure corresponds to an intensity level of 3 SD of rms 
noise. 
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Spectral deconvolution by FMLR 
A mathematical model of all signals present in the spectral ensemble was obtained by spectral 
deconvolution using FMLR. Signals present in a ROI were modeled if the height of the residual peak was 
at least 4.0 standard deviations (SD) above the measured root-mean-square (rms) noise of the ensemble. 
Peaks outside of any ROI were ignored. Each signal was modeled with five parameters: a scalar 
amplitude, a frequency along each dimension, and a decay rate (linewidth) along each dimension. The 
final statistics associated with the deconvolution are summarized in Table 4.6. 
The data, model, and residual of spectra from the complex lignin-side-chain plus polysaccharide region of 
a wild-type sample are shown in Figure 4.10. Each marker in the figure denotes the center of a signal 
obtained from spectral deconvolution. Evidence for the suitability of the model to account for major 
features of the data is that a minimal number of observed signals yields a reconstructed model with a 
small associated residual (difference between the data and the model). As evident from the figure 
plotted at a threshold intensity of 3.0 SD, there are few signals in the residual with a peak threshold 
greater than 3.0 SD (SD of rms noise). 
 
Feature set of ROI amplitudes 
The generation of a meaningful “feature set” of ROI-based amplitudes from FMLR is straightforward. 
Each peak was automatically assigned to an ROI based on whether its peak center was located within a 
given ROI. The amplitude of a ROI was calculated as the simple sum of all signal amplitudes assigned to 
that ROI. To provide a more meaningful comparison of ROI amplitudes between sample groups, each ROI 
amplitude was normalized by total lignin content. This normalized ROI amplitudes per spectrum results 
in a feature matrix of 91 ROI amplitudes X 98 spectra (for this matrix I refer to the additional information 
of this published paper). 
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Table 4.6: Normalized S/G/H lignin changes. ‘Δ%’ the average predicted differences in the mean percent of S, G, and H lignin 
between each sample group and the effective wild-type sample group, ‘CI’ the corresponding 95% confidence intervals, ‘p-value’ 
the Dunnett-adjusted p-values. The average predicted differences in Table 4.6A and Table 4.6B reflect values calculated from 
two different ROI quantitative methods: FMLR reconstruction and ROI integration. Values in bold indicate significant differences 
at an overall significance level of 0.05. 
 
A: Estimated differences from FMLR 
Sample group 
S G H 
Δ% CI p-value Δ% CI p-value Δ% CI p-value 
pal1 1.6 -2.1;5.3 0.73 -1.6 -4.8;1.6 0.57 0.03 -3.5;3.6 1 
pal2 0.7 -3.0;4.4 1 -1.4 -4.6;1.8 0.73 0.6 -2.9;4.2 1 
c4h 9.2 5.1;13.2 3E-1 -15.9 -19.3;-12.4 1E-12 6.7 2.8;10.6 0.0001 
4cl1 10.2 6.5;13.9 1E-9 -13.2 -16.3;-10.0 1E-12 3.0 -0.6;6.5 0.13 
4cl2 -1.1 -4.8;2.6 0.94 0.6 -2.6;3.8 1 0.5 -3.1;4.0 1 
ccoaomt1 8.2 4.5;11.8 5E-7 -11.6 -14.7;-8.4 1E-12 3.4 -0.1;6.9 0.06 
ccr1 -12.5 -16.4;-8.6 6E-12 -2.6 -6.0;0.8 0.18 15.1 11.3;18.9 1E-12 
f5h1 -25.0 -28.7;-21.3 1E-12 24.9 21.7;28.1 1E-12 0.1 -3.4;3.7 1 
comt -21.9 -25.6;-18.2 1E-12 21.3 18.2;24.5 1E-12 0.6 -3.0;4.0 1 
cad6 0.5 -3.2;4.2 1 -0.2 -3.4;2.9 1 -0.2 -3.8;3.3 1 
B: Estimated differences from ROI integration 
Sample group 
S G H 
Δ% CI p-value Δ% CI p-value Δ% CI p-value 
pal1 1.1 -2.2;4.5 0.90 -1.3 -3.9;1.4 0.65 0.1 -2.4;2.7 1 
pal2 0.2 -3.1;3.5 1 -0.7 -3.4;2.0 0.98 0.5 -2.1;3.0 1 
c4h 7.7 4.0;11.3 2E-6 -12.6 -15.5;-9.6 1E-12 4.9 2.2;7.7 7E-5 
4cl1 8.2 4.9;11.5 4E-8 -10.3 -13.0;-7.6 1E-12 2.1 -0.4;4.6 0.14 
4cl2 -1.0 -4.4;2.3 0.93 0.6 -2.1;3.3 0.99 0.4 -2.1;3.0 1 
ccoaomt1 6.5 3.2;9.8 1E-5 -8.9 -11.6;-6.3 1E-12 2.5 -0.05;5.0 0.06 
ccr1 -9.6 -13.1;-6.1 2E-9 -0.5 -3.4;2.3 1 10.1 7.4;12.8 1E-12 
f5h1 -21.3 -24.7;-18.0 1E-12 21.3 18.6;23.9 1E-12 0.07 -2.5;2.6 1 
comt -16.7 -20.0;-13.4 1E-12 16.4 13.7;19.1 1E-12 0.3 -2.2;2.9 1 
cad6 -0.2 -3.5;3.1 1 0.3 -2.4;3.0 1 -0.1 -2.6;2.4 1 
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Figure 4.10: Processed spectrum (data), FMLR reconstruction (model), and residual of the aromatic (A) and polysaccharide (B) 
region of the 2D 1H–13C HSQC for a wild-type sample of Arabidopsis. The colors of the contours are assigned to the color of the 
ROI associated with the dominant signal in that region. As can be seen in the figure, a minimal number of reconstructed signals 
is required to yield a model with an associated residual that is less than the noise floor (noise floor = 3.0 SD). The set of contours 
near (3.6, 76) ppm and (4.7, 63) ppm in (B) are not reflective of poor modeling but are a consequence of the fact that no ROI 
was defined near those positions. Signals in that region of the spectrum were simply not modeled. 
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SGH lignin composition 
The relative composition of S (syringyl), G (guaiacyl), and H (p-hydroxyphenyl) lignin units is an important 
element of plant cell wall profiling. The spectral data associated with the SGH ROIs for the sample groups 
in the study (averaged over all spectra per mutant sample group) is shown as a series of contour plots in 
Figure 4.11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11: Contour plots of 2D 1H–13C HSQC spectral regions associated with signals assigned to the S'2/6, S2/6, G’2, G2, G5/6, 
and H2/6 transitions. The data shown represent the mean spectra of all samples belonging to each sample group (number of 
spectra for each sample group shown in parenthesis). The colors of each contour are assigned based on the FMLR 
reconstructions, i.e., the dominant signal associated with each grid point is used to assign a color to that pixel (and related 
contour). The contour plots show the ability of the reconstructions to discriminate between assigned (colored) and unassigned 
(black) signals that partially overlap. 
 
In discerning whether relative percentages of SGH lignin are modulated across the sample groups, the 
bar chart of Figure 4.12 provides a graphical view of the normalized profiles obtained from the SGH 
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portion of the ROI feature matrix. Differences in S, G, and H percentages between the Arabidopsis 
mutant lines and the wild-type together with Dunnett adjusted p-values are given in Table 4.6. The 
overall pattern of enrichment and depletion in the mutant sample groups compared to the wild-types is 
displayed in the bar chart of Figure 4.13 where 3 patterns are evident: i) increase of H and S relative to G 
(c4h, 4cl1, ccoaomt1); ii) increase of H relative to S (ccr1), and iii) depletion of S relative to G (f5h1 and 
comt). These results are confirmed by thioacidolysis on the same set of Arabidopsis lignin mutants (see 
beginning of this chapter). When comparing %S, %G, and %H changes between the mutant groups and 
wild-type groups, the corresponding p-values are all < 0.0001 for any change greater than 4% (Table 4.6). 
The differences are in general larger in magnitude for patterns detected with FMLR reconstruction (Table 
4.6A) versus ROI integration (Table 4.6B). 
 
Correlation of ROI changes to SGH modulation 
To assess which ROIs might be correlated with the SGH patterns, Pearson correlations were calculated 
between all ROI amplitudes and the lignin compounds G2, G’2, S2/6, S'2/6, and H2/6. LA-Sβ was highly 
positively correlated to S2/6 (r = 0.94, p < 0.0001) and S’2/6 (r = 0.94, p < 0.0001), and highly negatively 
correlated to G2 (r = -0.88, p < 0.0001). LA-Sβ is assigned specifically to β-syringyl ethers and therefore 
relates to the S-G distribution, being obviously lower when the S content is lower. LBα is highly positively 
correlated to G2 (r = 0.82, p < 0.0001). The LBα region is assigned to phenylcoumaran (β-5) units in 
lignins. Such units arise from coupling of a monolignol (at its β-position) with a guaiacyl G (or H) unit (at 
its 5-position), but not a syringyl unit (which has the 5-position blocked with a methoxyl group); thus 
levels are higher when relative syringyl levels are lower (S/G is lower). The correlations are visualized in 
Figure 4.14. Such correlations or associations can be powerful aids in enhancing our assignment 
capabilities in these complex cell wall samples. For example, the profile of two of the unassigned regions 
(ROI55 and ROI66) in the lignin region of the spectrum are highly positively correlated with H2/6 (r = 
0.93, p < 0.0001 for both). 
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Figure 4.12: Bar charts of mean normalized percentages of S (syringyl), G (guaiacyl), and H (p-hydroxyphenyl) lignin units with 
their standard errors and number of observations (in parentheses). The values are derived from the ROI feature matrix in which 
each ROI amplitude is the sum of the amplitude of all modeled signals assigned to that ROI. 
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Figure 4.13: Bar chart showing pattern of enrichment and depletion of S (syringyl), G (guaiacyl), and H (phydroxyphenyl) lignin 
levels (normalized percentages) per sample group. The pal mutants showed no significant difference to wild-type. The displayed 
levels represent the mean predicted difference between each sample group and the effective wild-type sample group. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14: Scatterplots reflecting the correlations between the ROIs and the lignin composition. 
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CONCLUSIONS 
The spectral dispersion inherent in 2D 1H–13C HSQC renders ROI segmentation methods useful for semi-
quantitative studies of complex biological systems [90,91]. The profile of any single cross peak in the 
spectrum is linearly proportional to the concentration of the underlying species giving rise to the 
resonance. The term “semi-quantitative” is used here because the amplitude of different cross peaks in 
the 2D 1H–13C HSQC spectrum is not strictly comparable due to a range of factors relating to NMR 
methods themselves, and to the properties of the various polymers. For example, the finite RF power 
available on the carbon channel in proton-carbon correlation experiments leads to non-uniform 
excitation of carbon resonances across the spectrum, although this is somewhat ameliorated by using 
adiabatic-pulse experiments [92]. If the experiment permits longer acquisition times, a range of 
quantitative 2D HSQC experiments [93,94] have been developed to mitigate this artifact. 
We provide evidence here using a sizeable mutant study that FMLR reconstruction is useful both for 
rapid profiling of plant cell wall material and in improving the accuracy of conventional ROI segmentation 
methods for analysis of NMR spectra. The approach of generating a frequency domain spectrum from 
Fourier processing of a model time domain signal was used to reconstruct a model spectrum with close 
agreement to the processed data (Fig. 4.10) using a small number of signals (degrees of freedom). An 
analysis of variance (ANOVA) in the SGH regions of the ROI feature matrix between pairs of mutant and 
wild-type sample groups yielded differences larger in magnitude using ROI segmentation coupled with 
FMLR reconstruction than with simple ROI integration alone. The difference between fixed-window 
integration techniques and spectral deconvolution is expected to be more pronounced in heterogeneous 
systems that display broad line widths such as in ball-milled preparations of plant cell wall material. 
Even more significant is that assignment of ROIs to a mathematical model of the data rather than the 
data itself makes subsequent quantification less sensitive to changes in ROI definition. When modeled 
mathematically, the entire amplitude of a signal is assigned to an ROI as long as the peak center 
associated with the signal is encapsulated by the ROI. With direct integration of the spectrum itself, 
however, the ROI amplitude values are always modulated by changing the size or position of the ROI. 
This is an important consideration for general profiling using ROI segmentation because ROIs can be 
reused between studies with a minimal amount of adjustment (e.g., a constant ppm shift applied across 
all ROIs). A strength of ROI segmentation methods is that prior information about spectral assignments 
can be used but is not required for profiling. In plant cell wall profiling, for example, the assignment of 
the lignin components is important not only in calculating SGH composition but also as a means of 
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normalizing cross peaks from other regions of the spectrum. Even if a cluster of peaks is not assigned, 
the cluster may be associated with a ROI and profiled across sample groups.  
Conventional approaches create a feature set using spectral binning and then apply multivariate 
techniques to detect patterns among features across sample groups. The feature set of such an analysis 
is large and must eventually be related to a molecular species for targeted studies. This study provides 
an example of detecting patterns of enriched and depleted cell wall components using simple one-way 
ANOVA techniques directly on a meaningful feature set. 
The analysis methodology has been implemented in a publicly-available, cross-platform 
(Windows/Mac/Linux), web-enabled software application (http://newton.nmrfam.wisc.edu) that enables 
researchers to view and publish detailed annotated spectra in addition to summary reports in standard 
csv formats. The csv format of the ROI feature matrix, for example, can be directly imported into 
dedicated software packages for metabolomic data processing and statistical analysis such as 
MetaboAnalyst 2.0 (www.metaboanalyst.ca) [95], as well as general statistical packages such as R 
(http://www.r-project.org/) and Matlab (http://www.mathworks.com/products/matlab/). 
 
MATERIALS AND METHODS 
Plant material 
For ten genes involved in lignin biosynthesis [32], two Arabidopsis thaliana mutant alleles were analyzed 
(see Table 4.7). The 20 sample groups were consolidated into 10 effective sample groups based on 
statistically similar lignin composition. These samples were drawn from an overall pool of forty biological 
replicates of each homozygous mutant and 32 biological replicates for wild-type which were grown 
simultaneously in a random block design, spread over different trays, in the same environment. Plants 
were grown first under short-day conditions (8 h light, 21°C, and 55% humidity) during 6 weeks, and then 
transferred to the greenhouse. For all of the biological repeats, the main stem was harvested just above 
the rosette when the plant was completely senesced. Once harvested, axillary inflorescences, siliques 
and seeds, as well as the bottom 1 cm of the main stem, were removed. The rest of the inflorescent stem 
was cut into 2-mm pieces and biological repeats were pooled per 8 stems to obtain 5 biological 
replicates for the mutant alleles and 4 repeats for the wild-type, except for c4h-2, ccr1-3, and ccr1-6. In 
order to have enough biomass for NMR analyses, the senesced inflorescence stems of c4h-2 were pooled 
in one single pool, for ccr1-3 the stems were pooled in 3 pools, and for ccr1-6 in 4 pools. 
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Table 4.7: Sample groups of Arabidopsis thaliana used in study. The table lists the ten genes [32] involved in the study and the 
associated sample groups. The two mutant allelles associated with the same gene were consolidated into a single sample group 
for the purposes of this study. The designation of “WT-eff” refers to a sample group whose percentage S, G, and H values are 
not statistically different from those of the wild-type group. 
 
Gene Sample Group(s) # replicates WT-eff 
WT WT 4 X 
pal1 pal1-2, pal1-3 10 (5, 5) X 
pal2 pal2-2, pal2-3 10 (5, 5) X 
c4h c4h-2, c4h-3 6 (1, 5)  
4cl1 4cl1-1, 4cl1-2 10 (5, 5)  
4cl2 4cl2-1, 4cl2-3 10 (5, 5) X 
ccoaomt1 ccoaomt1-3, ccoaomt1-5 11 (6, 5)  
ccr1 ccr1-3, ccr1-6 7 (3, 4)  
f5h1 f5h1-2, f5h1-4 10 (5, 5)  
comt comt-1, comt-4 10 (5, 5)  
cad6 cad6-1, cad6-4 10 (5, 5) X 
 
Sample preparation and cell wall dissolution 
Preparation of whole cell wall samples for NMR was largely as described previously [77,79]. In brief, pre-
ground Arabidopsis stem samples (~200 mg) were extracted with water (3x) and then 80% aqueous 
ethanol (sonication 3 x 20 min) yielding 70-100 mg of cell wall material. Isolated cell walls (~80 mg) were 
ball-milled (4 x 30 min milling and 5 min cooling cycles, total time 2 h 20 min) using a Fritsch (Idar-
Oberstein, Germany) Planetary Micro Pulverisette 7 ball mill vibrating at 800 rpm with 12 mL ZrO2 
vessels containing thirty 5 mm ZrO2 ball bearings. Aliquots of the ball-milled whole cell walls (~60 mg) 
were transferred into NMR sample tubes, swollen in DMSO-d6:pyridine-d5 (4:1, v/v, 600 μl), and 
subjected to 2D NMR experiments. 
 
Analysis overview 
The process of FMLR reconstruction with ROI segmentation can be viewed as a sequence of steps 
involving: 
1. NMR data acquisition and processing 
2. Ensemble matrix formation and importation of grouping information 
3. Spectral normalization 
4. ROI segmentation 
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5. Spectral deconvolution by FMLR 
6. ROI assignment and generation of a feature matrix 
7. ROI normalization of the feature matrix 
8. Statistical analysis of the features 
 
NMR data acquisition and processing 
NMR spectra were acquired on a Bruker Biospin (Billerica, MA) AVANCE 700 MHz spectrometer fitted 
with a cryogenically cooled 5-mm TXI gradient probe with inverse geometry (proton coils closest to the 
sample). Cell wall samples were swollen in 4:1 DMSO-d6:pyridine-d5, 0.5 mL; the central DMSO solvent 
peak was used as internal reference (δC, 49.5; δH, 3.49 ppm). Adiabatic HSQC experiments 
(hsqcetgpsisp.2.2) were carried out using the parameters described previously [79]. The initial steps of 
NMR data processing (conversion from time-domain to frequency domain) were performed using 
Topspin 3.1-Macintosh (Bruker Biospin, Rheinsteten, Germany). The processing consisted of i) 
apodization (matched Gaussian in F2, squared cosine-bell in F1), ii) zero-filling, iii) Fourier 
transformation, and iv) phase correction; no linear prediction was used. 
The apodization and zero-filling parameters associated with steps i-iv along each dimension 𝑑𝑑 define a 
vector operator 𝐹𝐹𝑑𝑑� that can be applied identically to both the acquired FID and the model FID along 
dimension 𝑑𝑑. In the FMLR algorithm, the 𝐹𝐹𝑑𝑑� operator converts discrete basis functions in the time 
domain (Table 4.8) to discrete basis functions in the frequency domain. 
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Table 4.8: Basis functions and parameters used in FMLR. The time domain basis functions along each model dimension are the 
complex product of a sinusoid basis function with a damping function. The corresponding frequency domain functions are 
obtained from Fourier transformation using a digital operator derived from the acquisition and processing parameters. 
Multidimensional basis functions are derived from the product of the orthogonal component basis functions along each 
dimension. For gradient-based (non-linear) optimization of the parameters, the derivative basis functions are used. The 
exponent η appearing in the decay rate term is a value that modulates the signal between a Lorentzian (η=1) and Gaussian (η=2) 
decay profile. This value is adjusted to fit a similar class of peak shapes and is left constant throughout the optimization of any 
given data set. The corresponding derivative basis functions are used to calculate the derivative of the basis function with 
respect to the angular frequency (sinusoid) and decay rate (damping function). 
 
Basis Functions 
Name Type Expression Derivative Usage 
Sinusoid Complex 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖  𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖  Always 
Damping 
Function 
Real 𝑒𝑒−𝛼𝛼𝑖𝑖
η
 −𝑖𝑖η𝑒𝑒−𝛼𝛼𝑖𝑖
η
 
Used except along indirect dimensions of constant time 
experiments 
Parameters 
Parameter Symbol Variable Basis function Initial value Constrained 
Frequency Ω Yes Sinusoid From peak position No 
Decay rate A Yes 
Damping 
Function 
From “prototype” signal Yes 
Decay power H no 
Damping 
Function 
Assigned based on profiling of data sets. Fixed per 
analysis on single data set. 
No (fixed) 
 
 
Ensemble matrix formation 
To facilitate concerted analysis of multiple data sets, the 2D absorption spectra (portions remaining after 
phase correction and discarding of imaginary components) were appended together to form an 
“ensemble” data set (pseudo-3D matrix). Two of the dimensions correspond to the 1H and 13C spectral 
frequencies and the remaining dimension is a “pseudo-dimension” that encodes the spectral index (and 
identity of the sample source). 
 
Spectral normalization 
The intensity of each data point in the spectrum was normalized to the sum of all intensity points prior to 
spectral analysis. This pre-analysis normalization step removes intensity modulation due to varying 
concentrations of biological material and allows the same intensity thresholds to be applied across all 
data sets. 
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ROI segmentation 
A ROI as used in this context refers simply to a 2D spectral window or “box” associated with a spectral 
transition from a molecular entity. ROIs were manually defined for 91 ROIs within Newton by drawing 
boxes overlaid on the spectra (Fig. 4.9). Results from previous cell wall profiling studies [77,79,80,96] and 
model compounds were used to determine the footprint of the ROIs appearing in the figures and to 
assign 52/91 ROIs in the various spectral regions. As a ROI is drawn once and can be superimposed onto 
any spectrum, the time required to define their boundaries is based only on the number of ROIs, rather 
than the number of spectra. 
For future studies, ROIs defined from earlier studies can be imported and graphically adjusted to align 
with the local spectra. 
 
Fast maximum likelihood reconstruction (FMLR) 
The detailed theory and equations for applying the maximum-likelihood method to analysis of NMR data 
have been reported previously [88,89], and most recently for the analysis of 2D 1H–13C data sets in a 
metabolomics context [86]. The specific steps for performing spectral deconvolution of the Arabidopsis 
data in this study consisted of: 
1. Prototype signal generation: An isolated signal was graphically selected by the operator as an 
archetypal signal. The signal giving rise to the peak was fitted using a model whose basis functions and 
model parameters are specified in Table 4.8. The decay rate (linewidths) obtained from this optimization 
were used as initial values for further modeling. For the Arabidopsis study, the prototype linewidth was 
80 Hz along both the 1H and 13C dimensions. 
2. Constraint specification: The FMLR algorithm uses constraints on linewidth to assist in convergence of 
the fitting algorithm in crowded spectral areas. Linewidth constraints are specified as a multiple of the 
prototype linewidth along each dimension. For the study reported here, the linewidth was constrained 
to be a factor of 1/2 to 2 relative to the prototype linewidth, i.e., 40-160 Hz. 
3. Choosing noise thresholds: During spectral deconvolution (see below), signals are added incrementally 
in a series of iterations. Initially the pick threshold is set to the maximum peak height and is then 
reduced geometrically by a factor of √2 at the conclusion of each iteration. The analysis algorithm is 
terminated when the pick threshold reaches a minimum value specified as a multiple of signal-to-noise. 
The S/N threshold for this study was 4.0. 
4. Spectral deconvolution: To avoid modeling extraneous features of the spectrum, only those peaks in a 
spectrum contained within at least one ROI were modeled by spectral deconvolution. Spectral 
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deconvolution was initiated after steps 1-3 above and continued without operator intervention for a 
series of 10 iterations that yielded 22,389 signals (5 x 22,389 = 111,945 total parameters) across the 98 
data sets. The total duration time of the analysis was 28 minutes on an off-the-shelf Pentium laptop 
[AMD Phenom II N870 Triple-Core Processor 2.3 GHz, 6.0 GB RAM, Windows 7 SP 1 2009 64 bit OS, Java 
1.6.0_25_b06 with Java Hot Spot (TM) 64 bit server virtual machine]. 
 
ROI assignment and feature matrix generation 
A signal was assigned to a target ROI if its peak center existed within the boundaries of that ROI. When a 
source peak is contained within more than one target ROI (i.e., two or more target ROIs overlap), the 
Newton assignment algorithm assigns the source peak to the target ROI with the greatest “gravity 
metric” (product of source peak and target peak intensities divided by the spectral distance between the 
source and target peak summed over all target peaks). The amplitude of each ROI was calculated as the 
simple sum of all signal amplitudes (obtained from spectral deconvolution) assigned to that ROI. From 
this information, a “feature matrix” can be constructed of a 2D 𝑛𝑛𝑟𝑟  × 𝑛𝑛𝑠𝑠 matrix where 𝑛𝑛𝑟𝑟  is the number 
of regions of interest and 𝑛𝑛𝑠𝑠 is the number of spectra. 
 
ROI normalization 
After generation of the feature matrix, which can be imported into any standard spreadsheet program 
(csv file format), the value of each ROI amplitude (i.e., the sum of amplitudes of all signals located within 
the region of interest) was normalized by a value 𝐿𝐿 representing lignin content in the spectrum. The 
value 𝐿𝐿 is the weighted sum of integrals of the following ROI amplitudes: 
 
𝐿𝐿 =  [𝑆𝑆2/6] +  [𝑆𝑆′2/6] + 2[𝐺𝐺2] + 2[𝐺𝐺2′] +  [𝐻𝐻2/6] 
 
where [𝑆𝑆2/6], [𝑆𝑆′2/6], [𝐺𝐺2], [𝐺𝐺2′], [𝐻𝐻2/6] represent the ROI amplitudes in regions corresponding to the 
S (syringyl), G (guaiacyl), and H (p-hydroxyphenyl) lignin types (See also Fig. 4.9A). The coefficients are 
derived from the relative ratio of proton/carbon pairs assigned to the spectral regions. This 
normalization step produces a meaningful metric (i.e., as a fraction of lignin content in the sample) for 
reporting the amplitudes of cell wall components. The normalization operation was performed within a 
spreadsheet program (Microsoft Excel). For spectra in which an internal standard (e.g., DSS or formate) is 
present at a fixed concentration (not shown here), the software also supports normalization by the 
intensity of the ROI associated with the internal standard. 
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Statistical data analysis 
Differences in ROI amplitudes between Arabidopsis mutant lines and a wild-type were analyzed with 
analysis of variance using the glm procedure of the SAS/STAT software, Version 9.3 of the SAS System for 
windows (2011, SAS Institute Inc., Cary, NC, USA). P-values were adjusted for multiple testing using the 
Dunnett approach. All reported significant differences are at the overall α level of 0.05. 
 
Data visualization 
All of the contour plots contained in the figures here were rendered by Newton and exported in the 
vector-based format of encapsulated postscript (EPS). Annotations were added using Adobe Illustrator. 
Bar charts and similar graphics comparing ROI amplitudes were produced by Microsoft Excel. 
 
Software availability 
The software application can be downloaded and run from instructions found at 
http://newton.nmrfam.wisc.edu/. The host machine must have an installed version of the Java Runtime 
Environment (JRE) v1.6+ to run the application; Microsoft Windows, Apple MacOS, and various Linux 
implementations are all supported. 
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Chapter 5              
 
  
 
 
 
 
 
 
 
A field trial with CCR-
deficient poplars 
 
 
 
 
 
 
“Invention is the most important product of man’s creative brain. The ultimate 
purpose is the complete mastery of mind over the material world, the 
harnessing of human nature to human needs.” 
(Nikola Tesla, 1856-1943) 
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 This work resulted in a submitted paper: 
“Improved saccharification and ethanol yield from field-grown transgenic poplar deficient in cinnamoyl-
CoA reductase.” 
 
Van Acker R., Leplé J.-C., Aerts D., Storme V., Goeminne G., Ivens B., Piens K., Santoro N., Foster C., Ralph 
J., Soetaert W., Pilate G. and Boerjan W. 
 
My contributions to this paper are: 
- Preparing field trial, planting, and sampling 
- Grinding plant material and sending to collaborators 
- Measuring height and biomass in the field 
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Background picture is a photo of the Belgian field trial taken in June 2010, three months after the first 
harvest. 
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ABSTRACT 
Lignin is one of the main factors determining recalcitrance to enzymatic processing of lignocellulosic 
biomass. Cinnamoyl-CoA reductase (CCR) catalyses the first step in the monolignol-specific biosynthesis. 
Poplars (Populus tremula X Populus alba) downregulated for CCR were grown in field trials in Belgium 
and France under short-rotation coppice culture. Wood samples were classified according to the 
expressivity of the red phenotype typically associated with CCR-downregulation. Saccharifications under 
four different treatments (untreated, two alkali, and one acid pretreatment), and simultaneous 
saccharification and fermentation assays showed that wood from the most affected transgenic trees 
increased ethanol yield up to 161%. Fermentations of a complete field of 20-months-old CCR-
downregulated trees, including bark and less efficiently downregulated trees, still yielded ~20% more 
ethanol. Our study underpins the importance of field trials in the translation from lab-generated 
knowledge to more industrially relevant conditions. We conclude that CCR-downregulation may become 
a successful strategy to improve biomass processing.  
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INTRODUCTION 
Global warming and the depletion of fossil fuels provide a major impetus for the increased interest in 
renewable energy sources. Liquid biofuels, bioethanol in particular, are currently produced from the 
freely accessible sucrose in sugarcane and from starch in the maize grain, but suffer from a low net 
energy balance and the unfavorable ramifications of the “food versus fuel” debate. Second generation 
biofuels derive from lignocellulosic biomass in dedicated energy crops (poplar, switchgrass, Miscanthus, 
and others) that can be grown on marginal lands, need less or no fertilizer and, once planted, can grow 
for multiple annual cycles, or from the currently un-/under-utilized lignocellulosic residues from crop 
plants such as corn and wheat. Hence, the energy output and carbon savings are expected to be much 
higher than those of first generation biofuel crops [1,2]. However, the polysaccharides in lignocellulosic 
biomass are not readily enzyme-accessible mainly because of the presence of lignin. To improve the 
accessibility of the polysaccharides for enzymatic digestion, the biomass is pretreated, typically with acid 
or alkali, to disrupt the bonds between lignin and hemicelluloses, or to break down and/or remove the 
lignin itself [3]. Engineering plants to produce less lignin or a lignin structure enriched in easily 
degradable bonds, has become an important research objective [4]. Lignin is a heteropolymer formed 
mainly from the monolignols coniferyl and sinapyl alcohol and to a lesser extent from p-coumaryl alcohol 
[5-9]. Cinnamoyl-CoA reductase (CCR) catalyses the first step of the monolignol-specific pathway. It 
converts the hydroxycinnamoyl-CoA esters to their corresponding hydroxycinnamaldehydes (mainly 
feruloyl-CoA to coniferaldehyde), and downregulation of CCR typically results in reduced lignin content 
[9-19]. CCR-downregulated poplars are characterized by an orange to wine-red coloration of the xylem 
that often appears in patches along the stem. This pronounced coloration is associated with a reduction 
in lignin amount, which is characterized by a reduced S/G ratio and the incorporation of low levels of 
ferulic acid into the polymer [7,19]. 
As lignin is the most important factor limiting the conversion of plant biomass to fermentable sugars 
[20,21], we have evaluated whether wood from transgenic poplar, downregulated in CCR, is easier to 
process into ethanol. Field trials were established in Belgium and France, after a long process of 
obtaining regulatory permission (B/BE/07/V2) [22]. Field trials are an essential step in transferring 
fundamental knowledge generated in the lab to conditions closer to industrial exploitation. Greenhouse-
derived data cannot a priori be extrapolated to field-grown trees without experimentation. For example, 
greenhouse-grown trees do not experience the annual cycles of growth and dormancy, implying that 
they continuously develop a relatively large zone of lignifying – i.e., not fully lignified – xylem, whereas 
xylem of field-grown trees matures and becomes structurally different at the end of the season. 
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Furthermore, field trials allow growing the trees as short-rotation coppice, a practice that is preferred 
when trees are cultivated for bioenergy purposes [23]. Publicly accessible databases worldwide reveal 
that more than 700 field trial applications with GM trees (including forest trees, fruit trees, and wood 
perennials) have been made [24] but data on very few field trials have been published [25]. Only one 
field trial, with transgenic 4CL-downregulated poplar, has been evaluated for biofuel applications, but no 
improvement in saccharification efficiency was observed [26]. Improvements in ethanol yields have been 
demonstrated for C3H-deficient and F5H-overexpressing poplars, although these were greenhouse-
grown [27]. In this paper, we show that reducing CCR expression in poplar improves biomass processing 
into glucose and ethanol, when the trees are grown in the greenhouse and in the field, in two locations 
in Europe. 
 
RESULTS 
Downregulation of CCR improves saccharification yield 
The transgenic lines FAS13, FS3, and FS40, downregulated in CCR [19], along with wild-types, were 
micropropagated and grown in the greenhouse for 6 months. Upon removing the bark, the typical red 
coloration of the xylem was visible, and appeared in patches in some trees of line FAS13, whereas trunks 
of FS3 and FS40 were more uniform in color. Accordingly, preliminary saccharification experiments of 
debarked stems without and with an acid (HCl) pretreatment indicated that FS3 and FS40 had the 
highest saccharification yield (Supplementary Fig. 5.1). To compare lignin content and saccharification 
yield in red versus white areas of the same trunk, separate white and red colored xylem of FAS13 was 
scraped from the stems and compared to scraped xylem from the wild-type. As expected, and in 
agreement with Leplé et al. [19], red xylem contained 19% less lignin than wild-type, whereas white 
xylem had no reduction in lignin content (Supplementary Fig. 5.2). Whether or not a pretreatment was 
performed, the saccharification yield of white xylem from the CCR-deficient trees did not differ 
substantially from that of wild-type (Fig. 5.1). However, saccharification without pretreatment of red 
xylem yielded twice as much glucose as compared to white xylem or wild-type. 
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Figure 5.1: Saccharification time curves for xylem. Saccharification time curves without pretreatment (top) and with acid (HCl) 
pretreatment (bottom), on scrapings of greenhouse-grown wild-type poplar (n=2) and white and red xylem of greenhouse-
grown FAS13 (n=7). Saccharification yield is expressed as % dry weight. At the end timepoint, the saccharification yield of red 
xylem was significantly improved compared to that of wild-type xylem, for both without (p < 0.0001) and with (p = 0.001) 
pretreatment (Dunnett adjusted t-test). Error bars represent standard deviations. Solid line, wild-type; dashed line, white xylem 
of FAS13; dotted line, red xylem of FAS13. 
 
Field trial in Belgium 
Given the positive saccharification results of greenhouse-grown CCR-deficient poplars, we requested 
regulatory permission to establish a field trial with lines FS3, FS40, and wild-type. The field was 
established in Belgium and consisted of 6 randomized blocks for each line, each block consisting of 20 
clonally propagated trees (Fig. 5.2a). Ten months after planting, stems were cut back and ~20 cm of the 
basal part of the stems was sampled, debarked, and scored for the red phenotype. Depending on the red 
surface area of the stem pieces, the wood samples were grouped into six different redness classes (Fig. 
5.3C). For FS40, every single debarked trunk piece had a red phenotype, either in patches or fully red, 
whereas FS3 appeared to be less downregulated in CCR and had more trees that were completely white 
(Supplementary Table 5.1). 
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Figure 5.2: a: Plan of the Belgian field trial. The field is devided in 6 blocks, each block containing 20 clonal replicates per line. b:  
Plan of the French field trial. The field is devided in 5 blocks, each block containing 24 clonal replicates per line. Red lines are the 
separations between the different blocks. 
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Figure 5.3: Visualization of both field trials. A: Field trial in Belgium (July 2009). B: Field trial in France just before harvesting 
(March 2010). C: Classification and illustration of the variegated red phenotype observed for the transgenics in the Belgian field 
trial. D: Illustration of the variegated red coloration in cross-sections for wild-type (top), FS3 (middle), and FAS13 (bottom) in the 
French field trial. 
 
The data obtained from greenhouse-grown trees indicated that saccharification yield was only increased 
in red xylem, but was comparable to that of wild-type in white xylem. Hence, to investigate whether 
CCR-downregulation in field-grown transgenic trees resulted in an improved biomass conversion into 
fermentable sugars, saccharification yield was analyzed for debarked wood samples of wild-type and the 
three most red classes (class 3, 4, and 5) of both transgenic lines, thus bypassing the stability issue. The 
highest saccharification yields, for both transgenic lines and independent of the applied treatment, were 
always found for debarked wood of fully red stems (i.e., class 5), except for untreated FS3 (Fig. 5.4). 
However, the harsher the NaOH pretreatment was, the lower was the increase in saccharification yield 
compared to the wild-type (Table 5.1).  
 
135 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Saccharification yields for different redness classes under different treatments. Saccharification yield (expressed as % 
dry weight) for 4 different saccharification treatments for wild-type (black bars) and redness classes 3, 4, and 5 for both 
transgenic lines FS3 (blue) and FS40 (green). (WT n=18; FS3 redness class 3 n=12; FS3 redness class 4 n=15; FS3 redness class 5 
n=15; FS40 redness class 3 n=18; FS40 redness class 4 n=13; FS40 redness class 5 n=13). Error bars represent standard 
deviations. * 0.001 < p < 0.01; ** p < 0.001 
 
To test whether and to what extent the improved saccharification translated into higher ethanol yields, a 
selection was made of fully red trees, which were as much as possible spread over the entire field 
(Supplementary Table 5.2) and these samples were analyzed by a Simultaneous Saccharification and 
Fermentation (SSF) assay. The ethanol yields of FS3 and FS40 were 48% and 87% increased over that of 
the wild-type (Table 5.1). 
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Table 5.1: Saccharification yield, cellulose conversion, and ethanol yield of wood harvested from both field trials. 
Saccharification yields are the mean (± SD) for all trees of redness class 5 for the Belgian field trial, whereas cellulose 
measurements were performed on selected individual trees only (Supplementary Table 5.2; WT n=6; FS3 n=6; FS40 n=7). To 
calculate cellulose conversions, the specific saccharification yields of those individual trees for which cellulose was measured, 
were used. SSF of Belgian samples was performed on pooled trees (Supplementary Table 5.2; WT n=6; FS3 n=5; FS40 n=6) and 
ethanol yields were measured after 31 h of SSF. For each of the 5 blocks in the French field trial, saccharification yield was 
determined for the 5 most red trees per transgenic line and 5 randomly chosen wild-type trees. For the French field trial, 
cellulose conversion and SSF data (after 28 h of SSF) are specific to the pooled trees (Supplementary Table 5.2; WT n=10; FS3 
n=10; FAS13 n=10). The resulting cell wall residue (expressed as % dry weight) was taken into account to calculate the cellulose 
conversions. Bold, significantly increased compared to wild-type (p < 0.05, Dunnett adjusted t-test). * p = 0.08 
 
 
line treatment 
saccharification 
yield 
increase in 
saccharification 
yield 
cellulose 
conversion 
increase in 
cellulose 
conversion 
SSF 
ethanol 
yield 
increase 
in SSF 
ethanol 
yield 
(% dry weight) (%) (% cellulose) (%) (g/L) (%) 
Be
lg
ia
n 
fie
ld
 tr
ia
l 
FS3 
untreated 10.5 ± 2.5 14.1 24.1 ± 4.6 36.9 
3.4 ± 0.8* 47.8* 
0.4 M H₂SO₄ 26.5 ± 4.3 18.8 58.6 ± 8.6 27.7 
6.25 mM NaOH 32.0 ± 5.4 14.7 70.3 ± 10.8 29.2 
62.5 mM NaOH 39.3 ± 4.7 11.3 82.7 ± 10.3 13.1 
FS40 
untreated 12.8 ± 2.3 39.1 27.3 ± 5.8 55.1 
4.3 ± 1.1 87.0 
0.4 M H₂SO₄ 28.3 ± 3.2 26.9 62.8 ± 7.5 36.8 
6.25 mM NaOH 33.8 ± 4.9 21.1 76.6 ± 14.3 40.8 
62.5 mM NaOH 39.3 ± 4.8 11.3 88.8 ± 12.4 21.5 
WT 
untreated 9.2 ± 1.2 
 
17.6 ± 2.4 
 
2.3 ± 1.0 
 
0.4 M H₂SO₄ 22.3 ± 3.5 
 
45.9 ± 6.6 
 
6.25 mM NaOH 27.9 ± 3.3 
 
54.4 ± 5.7 
 
62.5 mM NaOH 35.3 ± 2.6 
 
73.1 ± 8.7 
 
Fr
en
ch
 fi
el
d 
tr
ia
l 
FS3 
untreated 9.9 ± 2.2 25.3 7.1 ± 1.8 65.1 
4.2 ± 0.6 35.5 
0.4 M H₂SO₄ 18.1 ± 3.5 33.1 19.0 ± 3.0 59.7 
6.25 mM NaOH 23.6 ± 3.1 24.9 30.3 ± 5.4 34.1 
62.5 mM NaOH 28.6 ± 3.3 14.9 42.9 ± 5.1 22.9 
FAS13 
untreated 18.9 ± 3.8 139.2 22.9 ± 5.9 432.6 
8.1 ± 1.2 161.3 
0.4 M H₂SO₄ 26.5 ± 2.9 94.9 41.7 ± 6.6 250.4 
6.25 mM NaOH 33.7 ± 2.6 78.3 56.6 ± 7.4 150.4 
62.5 mM NaOH 36.2 ± 2.1 45.4 61.2 ± 7.2 75.4 
WT 
untreated 7.9 ± 1.9 
 
4.3 ± 0.7 
 
3.1 ± 0.6 
 
0.4 M H₂SO₄ 13.6 ± 2.1 
 
11.9 ± 1.7 
 
6.25 mM NaOH 18.9 ± 2.6 
 
22.6 ± 2.7 
 
62.5 mM NaOH 24.9 ± 2.3 
 
34.9 ± 4.0 
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Only fully red stems (i.e., class 5) for FS3 and FS40 were significantly reduced in height by 27% and 17% 
(p = 0.000003 and p = 0.019), respectively, and the diameter was only decreased for stems of class 5 of 
line FS3, by 21% (Fig. 5.5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: Phenotypes Belgian field trial. Height (A) and diameter (B), expressed in cm, for trees belonging to different redness 
classes, for both transgenics and wild-type of the Belgian field trial. From left to right, wild-type, redness class 0-5 for FS3, 
redness class 1-5 for FS40. Error bars represent standard deviations. Black, wild-type; blue, FS3; green, FS40. * 0.01 < p < 0.05; 
** p < 0.01 
 
Field trial in France 
CCR-deficient poplars were grown in a second field trial in France. One transgenic line, FS3, was common 
to both field trials. The French field trial also included FAS13 and wild-type poplar. The field itself was 
divided into 5 blocks with 24 clonal replicates in each block for each line (Fig. 5.2b). Twenty months after 
planting, individual stems were harvested in a similar way as those from the Belgian field trial. For each 
of the 5 blocks in the field, the 5 most red trees for both transgenic lines and 5 wild-type trees were 
selected for saccharification and SSF analysis. 
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Similarly to the Belgian field trial, both transgenic lines, FS3 and FAS13, had considerably increased 
saccharification yield compared to wild-type for all 4 different treatments (Table 5.1). The increase in 
saccharification yield for FS3 was in the same range as observed for trees from the Belgian field trial. 
However, FAS13 outperformed the other lines and even reached more than a doubling in 
saccharification yield without pretreatment (Table 5.1). The increased saccharification yield translated 
into increased ethanol yields of 36% for FS3 up to 161% for FAS13 as demonstrated by SSF (Table 5.1). 
The total weight of the primary stems of all individual trees per line and per block was determined (Table 
5.2). Both transgenic lines, FS3 and FAS13, showed an average reduction in biomass yield of 17% and 
28%, respectively.  
 
Table 5.2: Average biomass (± SD) per transgenic line and wild-type and per block in the French field trial. Total biomass per 
block and per transgenic line was compared to total biomass of wild-type within the same block. Also, biomass for the entire 
field for both transgenic lines was compared to wild-type, illustrating the reduced biomass yield per hectare. Bold, significantly 
decreased compared to wild-type (p < 0.05, Dunnett adjusted t-test). 
line block N 
Average biomass (g) 
± s.d. 
Total 
biomass (g) 
Increase/decrease 
compared to WT 
(%) per block 
Increase/decrease 
compared to WT 
(%) whole field 
FS3 1 22 259 ± 128 5696 -17 -17 
 2 24 199 ± 95 4766 +30  
 3 24 204 ± 117 4899 -38  
 4 24 255 ± 114 6117 -16  
 5 24 209 ± 65 5012 -19  
FAS13 1 23 212 ± 159 4876 -29 -28 
 2 21 141 ± 118 2970 -19  
 3 24 238 ± 116 5710 -27  
 4 24 213 ± 84 5118 -30  
 5 23 192 ± 112 4419 -29  
WT 1 24 287 ± 226 6889   
 2 24 153 ± 127 3675   
 3 24 327 ± 128 7845   
 4 24 303 ± 110 7262   
 5 24 258 ± 92 6198   
 
The improved saccharification yield is due to a higher cellulose conversion 
Surprisingly, the lignin and cellulose content of the transgenic trees from the Belgian field trial and FS3 
from the French trial were similar to those of the wild-type (Table 5.3). In contrast, FAS13 contained 12% 
less lignin with a lower S/G lignin composition, and 8% more hemicelluloses on a cell wall residue (CWR) 
basis. All three transgenic lines incorporated highly elevated amounts of ferulic acid into lignin (Table 
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5.3). The ferulic acid markers are good indicators of the altered lignin structure as they have been fixed 
in the lignin polymer at the time of lignin deposition. In this sense, they even reflect the altered wood 
composition better than the red color which is only visible at the surface of the trunk. Figure 5.6 shows 
that the abundance of these markers correlated with the saccharification yield. The cellulose fraction for 
all transgenic lines from both field trials was more efficiently hydrolyzed than that of wild-type (Table 
5.1). FAS13 had, under each saccharification treatment, the highest increase in cellulose conversion 
compared to wild-type, and reached a fivefold higher cellulose conversion when no pretreatment was 
included in the saccharification assays. 
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Table 5.3: Wood composition (± SD) of transgenics and wild-type from both field trials. For the Belgian field trial, wood composition was determined on the individual trees that 
were selected for SSF (Supplementary Table 5.2; WT n=6; FS3 n=6; FS40 n=7). For the French field trial, wood composition was determined on pooled trees (Supplementary 
Table 5.2; WT n=10; FS3 n=10; FAS13 n=10). Ferulic acid (FA) and the CCR marker (AG) are expressed as peak area in thioacidolysis-chromatograms, normalized to the internal 
standard and the amount of cell wall residue. Bold, significantly increased compared to wild-type; italic, significantly decreased compared to wild-type (p < 0.05, Dunnett 
adjusted t-test). 
 
line 
lignin H/G/S FA AG cellulose hemicelluloses rhamnose fucose arabinose xylose mannose galactose glucose 
(% CWR) (mol%) 
(area/(IS x mg 
CWR)) 
(area/(IS x mg 
CWR)) 
(μg/mg CWR) 
Belgian field trial 
FS3 
16.4 
± 1.2 
1.3/33.6/65.1    
± 0.7/2.2/2.0 
0.00030  
± 0.00021 
0.00094  
± 0.00073 
538.0  
± 63.7 
197.1  
± 20.3 
3.3  
± 0.4 
0.3  
± 0.2 
2.5  
± 0.4 
158.8  
± 21.0 
4.9  
± 0.5 
4.9  
± 0.8 
22.4  
± 4.3 
FS40 
16.6 
± 0.6 
1.2/33.5/65.2     
 ± 0.5/2.4/2.1 
0.00062  
± 0.00019 
0.00161  
± 0.00066 
516.9  
± 60.3 
208.8  
± 10.7 
3.4  
± 0.3 
0.3  
± 0.1 
2.9  
± 0.4 
167.9  
± 13.3 
5.2  
± 0.7 
5.0  
± 0.6 
24.2  
± 4.2 
WT 
16.5 
± 0.9 
1.7/33.7/64.6      
 ± 0.6/1.7/1.5 
0.00010  
± 0.00003 
0.00037  
± 0.00013 
509.0  
± 48.3 
196.8  
± 16.0 
3.3  
± 0.2 
0.2  
± 0.1 
2.4  
± 0.3 
159.5  
± 17.8 
5.4  
± 0.7 
4.5  
± 0.4 
21.4  
± 4.0 
French field trial 
FS3 
18.2 
 ± 0.6 
0.8/32.3/66.9         
± 0.2/1.1/1.2 
0.00043  
± 0.00007 
0.00138  
± 0.00046 
535.7  
± 55.8 
197.2  
± 13.1 
3.0  
± 0.3 
0.3  
± 0.1 
3.2  
± 0.3 
159.9  
± 14.6 
4.9  
± 0.7 
4.4  
± 0.4 
21.5  
± 4.1 
FAS13 
16.3 
 ± 1.1 
0.8/34.4/64.8          
± 0.1/0.7/0.7 
0.00180  
± 0.00041 
0.00256  
± 0.00111 
560.5  
± 47.1 
207.4  
± 18.1 
3.0  
± 0.3 
0.3  
± 0.1 
3.2  
± 0.3 
167.1  
± 18.5 
4.7  
± 0.8 
4.8  
± 0.5 
24.4  
± 5.1 
WT 
18.6 
± 0.6 
0.8/32.8/66.4        
± 0.0/1.7/1.7 
0.00012  
± 0.00020 
0.00044  
± 0.00018 
523.5  
± 49.3 
192.4  
± 15.2 
2.9  
± 0.3 
0.3  
± 0.1 
2.9  
± 0.4 
156.2  
± 16.3 
5.6  
± 0.8 
4.1  
± 0.4 
20.5 
± 4.1 
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Figure 5.6: Detection and incorporation of ferulic acid and the CCR marker. The CCR marker (AG) was detectable in trace amounts in wild-type poplar 
(A) but was elevated in CCR-downregulated poplars (B). The incorporation of ferulic acid (FA) and the CCR marker (AG) into the lignin polymer is 
correlated with the saccharification yield, independent of the applied treatment (C). On the y-axis of the scatterplots the peak area, normalized for IS 
and amount of cell wall residue, of FA or AG is shown; on the x-axis the saccharification yield, in % dry weight, for the different treatments. The 
Pearson correlation coefficient (r) is shown in the left upper corner of each scatterplot. The upper two rows of c correspond to the Belgian field trial, 
the bottom two rows to the French field trial. G, guaiacyl unit; S, syringyl unit; black, wild-type; blue, FS3; green, FS40; orange, FAS13. 
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Saccharification and fermentations of samples with bark 
We next performed saccharifications of stems with bark, as in the biorefinery, short-rotation coppice will 
be processed with bark. Saccharifications of wood-bark mixtures were done with one alkali pretreatment 
(6.25 mM NaOH) on the same samples as selected for SSF for both transgenic lines FS3 and FS40 of the 
Belgian field trial (Fig. 5.7). The saccharification yield of the bark was roughly half of that of xylem tissue. 
Accordingly, when wood and bark material were combined, saccharification resulted in a lower yield as 
compared to saccharification of wood only. However, both transgenic lines FS3 and FS40 still had a 
substantial increase in saccharification yield (+27% and +29%) compared to wild-type. 
In addition, complete stems of the entire French field trial, including bark, apical parts, and less red trees, 
were combined in 3 pools per line, saccharified and fermented by SSF. After 36 h of SSF, wild-type, FS3, 
and FAS13 had ethanol yields of 3.8 (± 0.03), 4.7 (± 0.12), and 4.3 (± 0.08) g/L, respectively, i.e., the 
transgenics had a 14-26% higher (p < 0.05) ethanol yield as compared to the wild-type. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7: Saccharification yields of wood and bark. Saccharification yields of wood and bark analyzed separately and of 
mixtures of wood and bark of transgenics and wild-type of the Belgian field trial. The same trees that were selected for SSF and 
wood compositional analysis were used (WT n=6; FS3 n=6; FS40 n=7). Saccharification yield is expressed as a % dry weight; a 
pretreatment with 6.25 mM NaOH was applied. “mix calculated” is the calculated saccharification yield based on the relative 
weight proportion of wood and bark in a stem and the saccharification yield of the separate wood and bark. Error bars represent 
standard deviations. Black, wild-type; blue, FS3; green, FS40.  
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DISCUSSION 
Lignin is one of the most important factors limiting the processing of plant biomass into fermentable 
sugars [20,21]. Here we have evaluated CCR-downregulated poplars, grown under greenhouse and field 
conditions, for their saccharification and ethanol yield. The fact that CCR-downregulation was associated 
with a visible phenotype allowed us to collect samples that were uniformly downregulated in CCR from 
both the Belgian and the French field trial. This allowed us to answer our prime question, whether 
dormant field-grown CCR-downregulated trees maintained their improved wood properties, thus 
bypassing the stability issues that will be discussed below. 
CCR-transgenics were evaluated at two field sites, which is necessary because of possible genotype x 
environment interactions [25]. Although saccharification yields and cellulose conversions (Table 5.1) for 
the common line FS3 varied between the two field trials, a substantially increased ethanol yield was 
obtained for wood harvested from both field trials, indicating that the effects of CCR-downregulation on 
wood processing were maintained in the two environments. 
Wood from the fully red field-grown trees from both field trials had higher saccharification yields 
compared to wild-type for all transgenic lines with all tested saccharification treatments, except for FS3 
without pretreatment in the Belgian field trial (Table 5.1). Moreover, it is important to note that wood 
from CCR-transgenics processed under a less severe treatment saccharified equally as well as wild-type 
wood processed with a harsher treatment, for example untreated FAS13 compared to 6.25 mM NaOH-
treated wild-type in the French field trial. Because pretreatment is one of the biggest costs in the 
production of biofuels [28], the processing of lignin-reduced or lignin-modified trees has the potential to 
reduce the amount of chemicals and water used and, hence, the overall production cost and 
environmental impact.  
SSF of FAS13 yielded 161% more ethanol than wild-type when starting with the same amount of material 
(Table 5.1). This experiment was done on a selection of completely red, debarked basal trunks, thus 
avoiding stability issues of gene silencing. The value of 161% increase in ethanol yield can be considered 
as the maximum obtained in the ideal case of a uniformly and stably CCR-downregulated tree and when 
focusing on wood tissue only. On the other hand, the experiment in which all trees from the French field 
trial were pooled and analyzed by SSF, resulted in a 14-26% increase in ethanol yield compared to wild-
type. This value can be considered as the lower bound because in this experimental design, also 
modestly red trees, i.e. trees that were less efficiently downregulated for CCR, were included in the 
analyzed pool and not only wood, but complete trees with bark and apical parts. 
144 
 
Previous publications and wet-chemistry assays on greenhouse-grown trees have shown that 
downregulation of CCR results in a reduced lignin content [19] (Supplementary Fig. 5.2). Remarkably, 
lignin content in field-grown CCR-downregulated poplars was not (for FS3 and FS40) or only modestly 
(for FAS13) decreased (Table 5.3), even in samples that were red throughout the stem as seen in cross-
sections (Supplementary Fig. 5.3). Only when the outer xylem was scraped, a slight reduction in lignin 
content was found (Supplementary Fig. 5.4 and Supplementary Fig. 5.5). It is possible that CCR-
downregulation occurred throughout xylem development, but that lignification continued, albeit at a 
slower rate than in wild-type, in the late summer-autumn when wood formation slows down to prepare 
for winter dormancy [29]. As such, by the end of the yearly growth cycle, most xylem cell walls will have 
become well-lignified. In this scenario, the reduced lignin content in the outer red xylem can be 
explained by the later development of these cells for which the continued lignification did not yet have 
the time to reach wild-type lignin levels. It has already been suggested that dead cells continue with 
lignification by monolignols provided by the living ray parenchyma cells that protrude deeply into the 
wood [30]. A similar process occurs during heart wood formation where dead cells are impregnated with 
phenolic substances that improve wood durability [31]. In retrospect, a similar observation was made 
with 4CL-downregulated poplars; transgenics grown in the greenhouse had lower lignin content [30] but 
transgenics grown in the field had normal acetyl bromide lignin content [26]. Thus, it appears that 
although CCR-downregulation results in a lower production of monolignols, the cells gradually complete 
the lignification process or at least produce increased amounts of solvent-insoluble UV-absorbing 
substances that are detected by the acetyl bromide method [26].  
Regardless of whether or not differences in lignin content for field-grown transgenic trees were 
observed, saccharification yields were increased compared to wild-type, independent of the applied 
treatment. Thus, our data suggests that other factors than lignin level per se affect saccharification yield. 
Although speculative, one possibility is that the slower deposition of lignin and/or the incorporation of 
increased amounts of ferulic acid into lignin (Table 5.3 and Fig. 5.6) affect its structure or lignin-
hemicelluloses interactions, finally leading to easier access to the polysaccharides.  
As shown by Leplé et al. [19], strong CCR-downregulation in poplar results in severely dwarfed plants.  
For the French field trial, the actual biomass yields for FS3, FAS13, and wild-type were determined (Table 
5.2). If we would take the reduction in biomass yield into account (28% and 17% less biomass yield for 
FAS13 and FS3, respectively), SSF of an entire field of FAS13 would result in less bioethanol production 
(3.1 g/L) than a field of wild-type poplars (3.8 g/L), whereas a field of FS3 (3.9 g/L) would yield the same 
amount of ethanol as wild-type. However, the applied enzyme loadings for these experiments were 
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much lower than those used in the industry. Therefore realistic experiments with sufficient biomass in 
pilot plants are necessary to confirm the potential use of CCR-downregulated poplars as substrates for 
biofuel production. Nevertheless, because an agronomic yield penalty is not desirable for either 
landowners growing the biomass or for industrial applications, the transgenic lines analyzed in this study 
were initially selected for their intermediate level of CCR-downregulation and normal growth. This 
intermediate downregulation was however often associated with the observed variability in color and 
lignin reduction. It is likely that the patchy phenotypes are caused by threshold levels of transgene 
expression [32]. Such variability could be circumvented by using new genetic modification techniques 
such as the use of meganucleases [33], or transcription-activator like effector nucleases (TALENs) [34], or 
by exploiting natural defective alleles in target genes identified from the wild germplasm through 
EcoTILLING [35], as recently shown for the poplar HCT (hydroxycinnamoyl-CoA shikimate/quinate 
hydroxycinnamoyl transferase) gene [36] (see also chapter 7). In both cases, the level of downregulation 
is expected to be much more stable as compared to RNA-interference based gene silencing. 
Strong CCR-downregulation results in structural alterations of the plant cell wall, e.g., irregular xylem, 
and this is likely one of the causes of the associated dwarfism [19]. In 4CL-downregulated poplar, the 
dwarfism has been attributed to irregular xylem and the formation of tyloses in the vascular system and 
it was shown that vascular tissue in the red areas is defective in its transport capacity [26,31]. One option 
to circumvent the negative consequences of lignin downregulation on plant performance [37] is to 
specifically target the downregulation to fibers while leaving the vessels intact. Such strategies have 
already proven successful in Arabidopsis [38,39]. 
In conclusion, although we have observed variability in the level of downregulation in individual trunk 
parts, we were able to demonstrate a relation between CCR-downregulation and saccharification yield 
because the visible phenotype allowed us to classify the material into highly and less downregulated 
samples. We conclude that CCR-downregulation may be a successful strategy if it can be stabilized and 
targeted to fibers only. 
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MATERIALS AND METHODS 
Plant material 
Poplars (Populus tremula X Populus alba) transformed with the vectors pFS-CCR and pFAS-CCR have been 
described in Leplé et al. [19]. Transgenic lines FS3, FS40 and FAS13 were used in this study. After 
micropropagation in vitro, clones were transferred first to the greenhouse and then to the field. 
 
Belgian field trial 
The transgenic lines FS3 and FS40 and wild-type poplar were micropropagated in vitro and 120 ramets 
for each were grown in the greenhouse. After 9 months of growth, the stems were cut 10 cm above soil 
level. After 10 more days in the greenhouse, the coppiced trees were transferred to the field in May 
2009, under a GMO field trial authorization (B/BE/07/V2) provided by the Belgian competent authorities 
after a positive ruling from the Belgian Biosafety Advisory Council. FS3 and FS40 correspond to the 
names WT52-3 and WT52-40 in the B/BE/07/2 document. The field consisted of 6 randomized blocks for 
each line, and each block consisting of 20 clonally propagated trees (Fig. 5.2a). Trees were planted in 
rows with altering distance, 0.75 m and 1.5 m. In a single row, plants were planted 0.75 m from each 
other. A border of wild-type trees surrounded the field but these plants were not included in the 
experimental analyses. The border trees were at least 2.5 m from the fence protecting the field. The 
height of the main stem and the diameter, just above the position of coppicing before planting, of every 
tree was measured in January 2010. After 10 months of growth in the field, beginning of March 2010, the 
trees were coppiced. The bottom ~20 cm of the stems was harvested, debarked and immediately 
photographed. Both stems and bark were stored at room temperature till further analyses. Pictures from 
the debarked, bottom ~20 cm of the stems were imported into Image J. Red colored spots on the stem 
xylem were manually selected and the surface was measured in squared pixels, as well as the total 
surface of the stem. Based on the percentage of surface that had a red coloration, individual stems were 
categorized in 6 different redness classes (class 0: fully white, class 1: 0-25% red, class 2: 25-50% red, 
class 3: 50-75% red, class 4: 75-100% red, class 5: fully red). 
 
French field trial 
The transgenic lines FS3 and FAS13 as well as wild-type were micropropagated in vitro and 120 ramets 
for each were grown in the greenhouse. They were planted in the field in July 2008, after obtaining 
suitable authorization (application #B/FR/07/06/01, authorization #07/015 from the “Direction Générale 
de l’Alimentation” from the French “Ministère de l’Agriculture et de la Pêche” (on September 21, 2007 
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for a 5 year period) after a positive ruling from the French “Commission du Génie Biomoléculaireé”. FS3 
and FAS13 correspond to the names WT52-3 and WT62-13 in the #B/FR/07/06/01 document. The 120 
plants of each line were dispatched in 5 different randomized blocks (with 24 trees per block planted in 
two double rows, Fig. 5.2b). The plant density was chosen according to short-rotation coppice practice: 
the space between trees of one double row was 0.55 m whereas the interspace between the two double 
rows was 1.5 m, and the planting distance within a line was 1 m. To prevent edge effects, the 
experimental plantation was bordered with one row of wild-type trees. During the growing season the 
poplars were drip irrigated. In March 2010, the stems were coppiced. A ~20 cm segment at the base of 
each stem was harvested, debarked and photographed. 
 
Saccharification of greenhouse-grown samples 
FS3, FS40, and FAS13 transgenics were micropropagated in vitro and, along with wild-type, transferred to 
the greenhouse. After 6 months of growth, the stems of 5 ramets of FS3, FS40, FAS13, and wild-type 
were cut back at 10 cm above the soil, debarked, left to air-dry and ground to a powder in liquid 
nitrogen. Another 7 ramets of FAS13 and 2 wild-types were harvested and debarked. For the latter trees, 
red and white xylem of FAS13, located next to each other, as well as wild-type xylem were scraped along 
the debarked stem with a scalpel and immediately frozen in liquid nitrogen. After grinding in liquid 
nitrogen, the scraped xylem of red and white zones and wild-type was dried under vacuum.  
Biomass (10 mg) was saccharified without pretreatment and with acid pretreatment. Pretreatment of 
the biomass was performed in 1 ml 1 N HCl at 80°C for 2 h, while shaking at 850 rpm. The acid extract 
was removed and the pretreated material was washed three times with 1 ml water to obtain neutral pH. 
Subsequently, the material was incubated with 1 ml 70% (v/v) ethanol overnight at 55°C. The remaining 
biomass was washed three times with 1 ml 70% (v/v) ethanol, once with 1 ml acetone, and dried under 
vacuum for 45 min. For saccharification without pretreatment, a 10 mg aliquot of dry biomass was 
immediately incubated with 1 ml 70% (v/v) ethanol overnight at 55°C. The obtained CWR was further 
washed three times with 1 ml 70% (v/v) ethanol, once with 1 ml acetone and dried under vacuum for 45 
min and weighed. Based on the masses before and after ethanol extraction overnight and the 
subsequent washings with ethanol and acetone, the percentage CWR of the dry matter was calculated. 
The obtained CWR, after acid pretreatment or no pretreatment, was dissolved in 1 ml pH 4.8 acetic acid 
buffer solution and incubated at 50°C. The enzyme mix added to the dissolved material contained 
cellulase from Trichoderma reesei ATCC 26921 and β-glucosidase (Novozyme Corp. 188). Both enzymes 
were first desalted over an Econo-Pac 10DG-column, stacked with Bio-gel® P-6DG gel according to the 
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manufacturer’s guide. 1 ml of cellulase was mixed with 2 ml of acetic acid buffer (pH 4.5) before 
desalting. The desalted β-glucosidase was 350-fold diluted prior to mixing with desalted cellulase in a 5:3 
ratio. The resulting enzyme mix was further diluted tenfold and the activity of the diluted enzyme mix 
was measured with a filter paper assay [40]. To each biological sample, dissolved in pH 4.8 acetic acid 
buffer, enzyme mix with an activity of 0.06 FPU was added. After brief spinning to remove droplets from 
the lid of the reaction tubes, 20 µl aliquots of the supernatant were taken after 1, 2, 3, 6, 8, 24, 30, and 
48 h of incubation at 50°C. The samples taken after 1, 2, and 3 h were 10-fold diluted with pH 4.8 acetic 
acid buffer, the samples taken after 6, 8, and 24 h twenty-fold, and the final time point samples taken 
after 30 and 48 h were 30-fold diluted with pH 4.8 acetic acid buffer. The concentration of glucose in 
these diluted samples was measured indirectly with a spectrophotometric color reaction (GOD-POD). 
The reaction mixture (100 ml) of this color reaction contained 50 mg ABTS [2,2΄-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid)], 44.83 mg glucose oxidase (GOD, Sigma), and 173 µl of 4% (w/v) 
peroxidase (POD, Roche) in pH 4 acetic acid buffer. To measure the concentration of glucose, 50 µl of the 
diluted samples was added to 150 µl GOD-POD solution and incubated for 30 min at 37°C. Absorbance 
was measured spectrophotometrically at a wavelength of 405 nm. The concentration in the original 
sample was calculated using a standard curve based on known concentrations D-glucose (Sigma). 
 
Saccharification of field trial-grown samples 
For the Belgian field trial, every transgenic tree belonging to redness class 3, 4, and 5 was saccharified, 
along with 18 wild-types (3 randomly chosen trees from each of the 6 blocks). For the French field trial, 
the 5 most red trees for line FS3 and FAS13 were selected from each of the 5 blocks, together with 5 
randomly chosen wild-types. The poplar samples, taken from the basal part of the harvested stems, were 
air dried and extensively ground and weighed using the iWALL custom-designed robot (Labman 
Automation Ltd., United Kingdom). A detailed description of the implementation of the iWALL system 
can be found in Santoro et al. [41]. 
The dilute base pretreatment solutions consisted of 6.25 mM NaOH and 62.5 mM NaOH. The dilute acid 
pretreatment solution was 0.4 M H2SO4. A detailed description can be found in Santoro et al. [41].  
 
Simultaneous saccharification and fermentation (SSF) 
Prior to pretreatment of biomass samples and the subsequent SSF, total solids were determined with an 
automatic infrared moisture analyser (Precisa XM60) according to the NREL procedure [42]. Poplar 
biomass was pretreated with lime in the presence of water with a modified procedure from Chang et al. 
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[43,44], i.e., 10% (w/v) biomass was mixed with 1% (w/v) Ca(OH)2 and incubated at 121°C for 6 h. 
Following pretreatment, samples were cooled to room temperature and collected by centrifugation at 
1000 rpm for 3 min and washed three times with 2 ml distilled water per gram dry biomass. The 
pretreated slurry was saccharified and fermented simultaneously at a substrate concentration of 8% 
(w/w). The pretreated slurry was mixed with 1% (w/w) yeast extract (DSM food specialities, 
Netherlands), 2% (w/w) bactopepton (BD) in 50 mM pH 4.8 citrate buffer. The reaction mixture 
contained 0.3 g/g biomass Accellerase 1500 (Genencor International, Danisco group, US) and 0.1% 
(w/w) Ethanol Red dry alcohol yeast (Fermentis, Lesaffre group, France). The endoglucanase and β-
glucosidase activity of Accellerase 1500 were between 2200 and 2800 CMC U/g and 450 and 775 pNPG 
U/g, respectively. Prior to the addition of the yeast and the enzyme complex, the fermentation broth 
was autoclaved. Fermentations were run in capped bottles at 37°C and shaken at 150 rpm to prevent 
sedimentation of the substrate and the yeast. 
The concentrations of glucose, cellobiose, and ethanol were determined on a Varian Prostar HPLC 
system (Varian), using an Aminex HPX-87H column (Bio-Rad) at 65°C, equipped with a 1 cm reversed 
phase pre-column, using 5 mM H2SO4 (0.6 ml/min) as a mobile phase. Detection was performed on a 
differential refractive index detector (Merck LaChrom L-7490, Merck). 
 
Wood compositional analysis 
Lignin content was determined using the acetyl bromide method [45], lignin composition by 
thioacidolysis [7,46], crystalline cellulose content by the Updegraff method [47], and compositional 
analyses of the matrix polysaccharides by the alditol-acetate assay [47]. 
 
Metabolomics 
The outer xylem of debarked stems was scraped with a scalpel, ground in liquid nitrogen and extracted 
with 1 ml methanol. To correct for the amount of plant material extracted, the pellet was dried and the 
recalculated amount of MeOH, according to the dry weight measured, was subjected to SPE. The eluate 
was lyophilized and dissolved in 50 µl water. An 8 µl aliquot was subjected to LC-MS and LC-MS/MS using 
a Waters Acquity UPLC system (Waters Corp., Milford, MA, USA) connected to a Synapt HDMS Q-TOF 
mass spectrometer (Waters, Manchester, UK). Gradient elution and MS analysis were performed 
according to Grunewald et al. [48]. The data was analyzed using the Masslynx 4.1 platform and 
Markerlynx XS for statistical data interpretation (Waters, Manchester, UK). 
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Statistical analyses 
For the Belgian field trial, first analyses (saccharification potential, diameter and height) were performed 
on wild-type trees and on transgenic trees belonging to redness class 3, 4, and 5. Because these redness 
classes are not present in wild-type, a new categorical variable was created encompassing the line and 
the redness class. Differences between the means of the transgenic lines of redness class 5 and the wild-
type were estimated. Associated p-values were adjusted with the Dunnett test (two-sided). Block and 
the interaction term block*line were included as random factors. All other analyses were done on a 
selection of red trees. These analyses did not require the block*line interaction term. Nested designs 
were used for those analyses where several measurements were done on the same plant. The nested 
term was added as random term in the model. The significances of a random term was assessed with a 
likelihood ratio test.  
The saccharification on the French field trial was performed at one timepoint on all individual trees. A 
mixed model was fitted with line, treatment and line*treatment as fixed effects. The random terms 
block, block*line and the nested term were not significant at the 0.05 significance level. Differences were 
estimated within each line between each treatment and the control treatment (=no treatment), and 
within each treatment between the transgenic lines and wild-type. p-values associated with these 
estimates were adjusted by using the linear step-up method of Benjamini and Hochberg [49]. Other 
analyses were done on pools of 5 trees, 2 pools per block. These pools were considered as a random 
factor nested within line and block. All random effects are assumed to be normally distributed. For these 
analyses there was only one fixed term: line. Differences between the means of the transgenic lines and 
the wild-type line were estimated. Associated p-values were adjusted with the Dunnett test (two-sided). 
In analyses such as some saccharification analyses and all fermentation analyses, multiple observations 
over time were taken. These data were analysed as repeated measurements data. For all models 5 
covariance structures were fitted to the data: unstructured, autoregressive, heterogeneous 
autoregressive, compound symmetry, and heterogenous Toeplitz. Time was considered as a classification 
variable, unless line plots gave indications for a linear spline model. Fixed effects were line, time, and 
time*line. All random effects are assumed to be normally distributed. Observations on different plants 
are assumed to be independent. Variances and covariances of measures on a single plant are assumed to 
be the same within each line. Differences between the means of the transgenic lines and wild-type were 
estimated at particular times. Associated p-values were adjusted by using the linear step-up method 
[49]. Residual analysis was carefully examined. 
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The output of these analyses was generated using SAS/STAT software, Version 9.3 of the SAS System for 
windows. Copyright © 2011, SAS Institute Inc., Cary, NC, USA. For all models, the residual analysis was 
carefully examined. 
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Supplementary Figure 5.1: Saccharification yields for greenhouse-grown transgenics. Top: Saccharification yield (expressed as % 
dry weight) of greenhouse-grown debarked wood from FAS13, FS3, FS40, and wild-type (n=5) without pretreatment after 48 h 
saccharification. Bottom: Saccharification yield (expressed as % dry weight) of greenhouse-grown debarked wood from FAS13, 
FS3, FS40, and wild-type (n=5) with acid pretreatment after 48 h saccharification. Error bars represent standard deviations.  
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Supplementary Figure 5.2: Lignin content for xylem of greenhouse-grown transgenics. Lignin content of greenhouse-grown 
wild-type xylem (n=2), white (n=7), and red (n=7) xylem scrapings of FAS13. Red xylem has 19% less lignin compared to wild-
type. Error bars represent standard deviations.  
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Supplementary Figure 5.3: Cross-sections of class 5 trees. Cross-sections of FS3 and FS40 from the Belgian field trial, illustrating 
that the red phenotype of redness class 5 trees is not limited to the outer xylem but is seen throughout the entire cross-section. 
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Supplementary Figure 5.4: Lignin content for xylem of field-grown transgenics. Acetyl bromide lignin content in scraped red and 
white outer xylem of FS3 (n=6) and FS40 (n=6) from the Belgian field trial and scraped wild-type xylem (n=12). Error bars 
represent standard deviations.  
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Supplementary Figure 5.5: Metabolite profiles for xylem of field-grown transgenics. Metabolite profiling data from red and 
white scraped xylem of FS3 and FS40 and from the wild-type from the Belgian field trial. A: PCA (Principal Component Analysis) 
plot, showing that profiles of red xylem and white xylem of the transgenic lines are different from profiles of wild-type xylem. 
Red: red xylem from both FS3 and FS40 (n=11); grey: white xylem from both FS3 and FS40 (n=11); black: xylem of wild-type 
(n=5). B: Averaged peak areas for G(8-O-4)S(8-5)G and G(8-O-4)S(8-8)G oligolignols, both erythro- and threo-isomers. These 
oligolignols are a few of the most abundant oligolignols present in poplar wood. C: Extracted ion chromatogram overlay for G(8-
O-4)S(8-5)G and G(8-O-4)S(8-8)G, both erythro- and threo-isomers, in WT, FS white, and FS red xylem. 
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Supplementary Table 5.1: Number of trees per line for the Belgian field trial. Number of individual trees per transgenic line and 
wild-type for the Belgian field trial classified into the different redness classes. 
 
redness class surface red WT FS3 FS40 
0 0% 120 37 0 
1 0-25% 0 21 38 
2 25-50% 0 20 38 
3 50-75% 0 12 18 
4 75-100% 0 15 13 
5 100% 0 15 13 
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Supplementary Table 5.2: Clarification for selected trees for SSF. For the Belgian trial, a selection was made for SSF and wood 
compositional analyses. Fully red trees were selected in such a way that samples were derived from over the entire field to 
minimize environmental (position) effects. For wild-type, one tree per block was randomly chosen. This selection resulted in 6 
biological repeats for wild-type and FS3, and 7 for FS40. Because a larger amount of material is required for SSF, pooling was 
necessary for 2 trees for both transgenic lines thus resulting in 6 biological repeats for wild-type and FS40, and 5 repeats for FS3. 
The individual trees with the same letter in the column “pooled for SSF” were combined to obtain enough material for SSF 
analyses. For the French field trial, SSF and wood compositional analyses were carried out on pooled samples of 2 (occasionally 
3) trees each (represented by ID1, ID2 and ID3), resulting in 10 biological repeats for wild-type, FS3, and FAS13. 
Growth location line ID_tree pooled for SSF block Growth location line ID_1 ID_2 ID_3 block 
Be
lg
iu
m
 
FS3 K12R11 a 1 
Fr
an
ce
 
FS3 L7C61 L8C59 
 
1 
FS3 K10R12 a 1 FS3 L14C44 L14C45 
 
2 
FS3 K13R8 
 
2 FS3 L14C31 L17C30 L16C31 3 
FS3 K14R26 
 
3 FS3 L8C18 L9C17 
 
4 
FS3 K15R24 
 
5 FS3 L10C10 L12C13 
 
5 
FS3 K11R18 
 
5 FS3 L8C57 L8C58 
 
1 
FS3 K10R21 
 
6 FS3 L14C46 L16C46 
 
2 
FS40 K8R19 
 
4 FS3 L15C30 L14C26 L16C31 3 
FS40 K4R17 
 
4 FS3 L7C16 L7C19 
 
4 
FS40 K9R15 
 
5 FS3 L10C8 L10C11 
 
5 
FS40 K7R19 
 
5 FAS13 L2C55 L5C55 L4C53 1 
FS40 K5R23 b 6 FAS13 L10C43 L11C42 
 
2 
FS40 K5R25 b 6 FAS13 L8C28 L9C30 
 
3 
FS40 K5R26 
 
6 FAS13 L12C17 L10C17 
 
4 
WT K10R36 
 
1 FAS13 L14C3 L15C6 
 
5 
WT K11R29 
 
2 FAS13 L4C54 L4C52 L4C53 1 
WT K10R40 
 
3 FAS13 L11C39 L11C40 
 
2 
WT K13R34 
 
4 FAS13 L6C26 L8C31 
 
3 
WT K13R37 
 
5 FAS13 L13C18 L10C19 
 
4 
WT K15R37 
 
6 FAS13 L14C5 L16C6 
 
5 
     
WT L15C57 L15C61 
 
1 
     
WT L7C46 L9C46 
 
2 
     
WT L13C28 L13C31 
 
3 
     
WT L2C18 L3C18 
 
4 
     
WT L10C4 L12C3 
 
5 
     
WT L15C60 L16C58 
 
1 
     
WT L6C45 L6C47 
 
2 
     
WT L10C30 L13C26 
 
3 
     
WT L4C18 L4C19 
 
4 
     
WT L10C5 L12C2 
 
5 
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Chapter 6              
 
 
 
 
 
 
 
 
A field trial  
with CAD-deficient 
poplars 
 
 
 
 
 
“A thinker sees his own actions as experiments and questions – as attempts to 
find out something. Success and failure are for him answers above all.” 
(Friedrich Nietzsche, 1844-1900) 
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This work supports the request of regulatory permission for a field trial with CAD-deficient poplars. 
 
My contributions to this chapter are: 
- Preparing the biological samples (debarking and grinding) 
- Determining linear density of basal part of stems 
- Saccharification assays with three different treatments 
- Statistics  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Background picture is a cross-section of asCAD14 taken from Baucher et al. [1]. 
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ABSTRACT 
Cinnamyl alcohol dehydrogenase (CAD) catalyzes the last step in the lignin biosynthetic pathway. Lignin 
from greenhouse- and field-grown transgenic CAD-poplars can be easier extracted with less alkali which 
is beneficial for the pulp and paper industry. To investigate whether CAD-deficient plants are also 
potentially good substrates for biofuel production, saccharification yields of two field-grown transgenic 
CAD-lines, sCAD1 and asCAD21, were determined under three different treatments. When an alkali 
pretreatment preceded the saccharification process, both CAD-transgenic lines had a 45% improved 
saccharification yield compared to wild-type poplars. These preliminary results indicate a potentially 
improved ethanol yield for CAD-transgenic poplars compared to wild-type.  
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INTRODUCTION 
Cinnamyl alcohol dehydrogenase (CAD) is the final enzyme in the monolignol-specific biosynthetic 
pathway and reduces the cinnamyl aldehydes into their corresponding alcohols. Its expression is 
localized to the vascular tissues of stems, roots, petioles, and leaves, preferentially in xylem ray cells and 
parenchyma cells [2] but also in vessels and fibers undergoing lignification [3]. The tissue specificity 
conferred by the CAD-promoter appeared to be conserved and stable in field conditions over an 
extended period [4]. Downregulation of CAD is generally characterized by a reddish-brown coloration of 
the xylem tissue. Similar phenotypes were observed in brown midrib (bm) maize mutants. The 
association of bm mutants with CAD-deficiency and an altered lignin composition was for the first time 
observed in 1964. Since then, numerous studies have been done on bm mutants and are reviewed in 
Sattler et al. [5]. Besides in maize, CAD has been studied in multiple other organisms like Arabidopsis 
thaliana [6,7], tobacco [8-10], poplar [1,11-13], loblolly pine [14-16], alfalfa [20,21], rice [22,23], and 
recently also in switchgrass [24,25] and brachypodium [26] (Table 6.1). In most publications the effect on 
growth, the typical reddish-brown coloration, the altered lignin composition, and more specifically the 
presence of cinnamyl aldehydes were analyzed. For CAD-deficient poplars, grown in the greenhouse or in 
the field, Kraft pulping efficiencies were determined [1,11,12] but it is only recently that the influence of 
CAD-downregulation on saccharification yield was determined in maize [19], alfalfa [21], switchgrass 
[24,25], and brachypodium [26]. 
In this chapter we focus on the downregulation of CAD in poplar. Poplar wood is a good potential 
substrate for the production of second generation biofuels as poplar is a fast-growing tree that can grow 
on marginal lands. Growing poplars in a short-rotation coppice system results in sufficient biomass that 
can be harvested regularly and thus avoids the annual re-planting which is usually necessary for first 
generation crops. The CAD-deficient poplar (Populus tremula x Populus alba) lines, asCAD21 and sCAD1, 
described in this chapter, have been studied before when grown in the greenhouse [1,13] and in the field 
[11,12]. Three month-old greenhouse-grown CAD-transgenics displayed the typical reddisch-brown 
xylem coloration upon debarking. This coloration might be due to the presence of conjugated aldehydes. 
However, there were no visible cell wall alterations, no difference in lignin content and lignin 
composition (S/G), but these trees were easier to delignify during Kraft pulping [1]. When grown in the 
field, CAD-deficient poplars contained on average 20% less lignin with an increased proportion of 
syringaldehydes, diarylpropane structures, and free phenolic groups. These latter ones may be 
responsible for the facilitated lignin solubilization during Kraft pulping [11]. This means that CAD-
deficient poplars for Kraft pulping will need fewer chemicals for delignification. The field-grown 
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antisense-downregulated lines showed no effect on development, growth, and bud burst [12]. In 
contrast, the single cosuppressed line in the field had a severe reduction in growth. After 12 years of 
growth in the field, the antisense-downregulated lines maintained their red coloration of the xylem, 
which is indicative for the stable downregulation of CAD [27]. 
Because CAD-downregulation showed an improved Kraft pulping, or at least a lower Kappa number, it is 
potentially a good substrate for biofuel production. To test this, field-grown material from a French field 
trial was saccharified under three different treatments (untreated, acid pretreated, and alkali 
pretreated). The positive results obtained from the saccharification assays of wood derived from the 
French field trial, indicates the potential use of CAD-transgenics for biofuel applications.  
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Table 6.1: Literature overview of CAD-deficient plants in different species with a specific indication whether saccharification results are available. This list is limited to downregulation/mutation of only 
CAD-genes, crosses with lignin-deficient lines (in other lignin genes) are not considered. as: antisense; s: sense; +: improved compared to wild-type; -: decreased compared to wild-type; =: equal to 
wild-type; n.d.: not determined. 
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[6] Arabidopsis 
cad-c 
greenhouse senescence 
n.d. n.d. = = = n.d. n.d. 
 
cad-d n.d. n.d. - - + n.d. n.d. 
 
[7] Arabidopsis cad-c cad-d greenhouse senescence - purple - - + n.d. + cellulase treatment 
[8] tobacco asCAD greenhouse mature = red-brown = - + n.d. n.d. 
easier extraction of phenolics by 
NaOH 
[9] tobacco asCAD greenhouse 3 months = no-light brown = n.d. + n.d. n.d. 
 
[10] tobacco asCAD greenhouse 2.5 months = pink-red = - + n.d. n.d. 
 
[1] poplar 
asCAD 
greenhouse 3 months 
= red = = + = n.d. lower Kappa number 
sCAD = red = = + = n.d. lower Kappa number 
[11] poplar 
asCAD 
field 2 year 
= red - = = = n.d. lower Kappa number 
sCAD n.d. red - = = = n.d. similar Kappa number as WT 
[12] poplar asCAD field 4 year = red - = n.d. + n.d. lower Kappa number 
[13] poplar asCAD greenhouse 1 year n.d. red - = + n.d. n.d. easier solubilization of lignin in alkali 
[14] loblolly pine cad-n1 field 12 year = red-brown n.d. H/G + + n.d. n.d. natural occuring mutant 
[15] loblolly pine cad-n1 greenhouse 10 months = brown - n.d. + n.d. n.d. natural occuring mutant 
[16] loblolly pine cad-n1 field 4 year + n.d. - n.d. n.d. n.d. n.d. natural occuring mutant 
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[17] maize bm1 greenhouse mature n.d. red-brown - = = n.d. n.d. 
 
[18] maize 
bm2 
field anthesis 
= brown = n.d. - 
n.d. n.d. stem material bm4 = brown = n.d. - 
bm2 bm4 - dark brown = n.d. - 
[19] maize RNAi greenhouse mature = no color = - = n.d. + 
 
[20] alfalfa asCAD 
greenhouse n.d. n.d. red = - not detected n.d. n.d. improved digestibility 
field n.d. = red = - n.d. n.d. n.d. similar digestibility 
[21] alfalfa asCAD greenhouse mature varying red - - not detected n.d. = 
 
[22] rice gh2 greenhouse n.d. n.d. red-brown - = + n.d. n.d. 
 
[23] rice fc1 field n.d. - no color - = - n.d. n.d. 
 
[24] switchgrass RNAi greenhouse E4-stage = n.d. - - n.d. n.d. + improved digestibility 
[25] switchgrass RNAi greenhouse n.d. n.d. no color - n.d. + n.d. +  
[26] brachypodium 
Bd4179 
Bd7591 
greenhouse mature = red-brown - - + n.d. + only sinapaldehyde increased 
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RESULTS 
Estimated biomass for CAD-deficient poplars grown in the French field trial 
In the French field trial two CAD-downregulated lines (sCAD1 and asCAD21) were grown together with 
wild-type in a randomized block design consisting of 5 blocks with in each block 24 clonal replicates per 
line. For each of the 5 blocks and for both transgenic lines, two individual trees were selected based on 
their reddish-brown coloration monitored on the cross-sections at the basal part of the stem. The 
bottom 3.5 cm of the selected stems was debarked and weighed. The linear density, which can be used 
as an estimate of the biomass, is significantly decreased (-47%) for the co-suppressed sCAD1 line but not 
for asCAD21 (Fig. 6.1). 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1: Linear density (g/cm) of debarked wood for wild-type and both transgenic lines asCAD21 and sCAD1. The bottom 3.5 
cm of the stem was debarked and weighed for 10 biological replicates per line. Error bars represent standard deviations. 
 
Saccharification yields under three different treatments 
Saccharification yields, expressed in percentage dry weight, were determined for 10 biological replicates 
for each line. A pretreatment is included in the saccharification process to loosen up the cell wall and 
hence obtain a higher saccharification yield compared to untreated saccharification assays. However, 
applying an acid pretreatment only increased the saccharification yield for sCAD1 compared to 
untreated. Apparently the acid pretreatment could not increase the saccharification yield for wild-type 
and the other transgenic line asCAD21. In contrast, when an alkali pretreatment was included, all three 
lines (wild-type and both transgenics) had higher saccharification yields, up to a threefold increase, 
compared to those in untreated conditions. 
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When no pretreatment or an acid pretreatment was applied, only sCAD1 obtained a higher 
saccharification yield, +58% and +35%, respectively, compared to wild-type. When using an alkali 
pretreatment, the saccharification yields of both transgenic lines increased with 45% compared to wild-
type (Fig. 6.2 and Fig. 6.3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2: Saccharification yield (expressed in % dry weight) after 48 h saccharification for wild-type (dark grey bars), asCAD21 
(light grey bars), and sCAD1 (white bars) for the three different treatments. a: significant (p < 0.05) increase in saccharification 
yield compared to wild-type within the same treatment; b: significant (p < 0.05) increase in saccharification yield compared to 
untreated within the same line. 
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Figure 6.3: Saccharification timecurves, showing saccharification yield (expressed in % dry weight) in function of the duration of 
saccharification, for wild-type (solid line), asCAD21 (striped line), and sCAD1 (dotted line) and this for the three different 
treatments: untreated (top), acid pretreated (middle), and alkali pretreated (bottom). * Significantly increased, for every 
timepoint, compared to wild-type (p < 0.05, Dunnett adjusted t-test). 
 
    173 
 
DISCUSSION 
Two field-grown transgenic lines, asCAD21 and sCAD1, were evaluated for their saccharification yield 
under three different treatments; untreated, acid pretreated, and alkali pretreated. The preliminary 
saccharification results are very promising for the future.  
The co-suppressed line sCAD1 had higher saccharification yields under all three treatments. However, 
there is a substantial growth penalty, in agreement with Pilate et al. [27]. Surprisingly, 2-year-old field-
grown sCAD1 poplars showed a similar Kappa number as wild-type, meaning that the solubilization of 
lignin in alkali was not easier for the transgenic line [11]. Additional saccharification analyses are 
necessary to confirm the improved saccharification yield under the different treatments. In addition, 
when taking into account the severe growth penalty, a field of sCAD1 poplars will most likely not have 
higher saccharification, and consequently ethanol, yields compared to a field of wild-type poplars.  
The antisense-downregulated line asCAD21 had no growth penalty compared to wild-type, although 
here the linear density of the basal part of the stem was used as an estimate for the total biomass. This 
observation is in agreement with earlier field-grown measurements for this line [11,12]. The 
saccharification yields for asCAD21 are only increased compared to wild-type when an alkali 
pretreatment was applied. Kraft pulping, which also uses alkali to solubilize lignin, had higher pulp yield 
for 4-year-old field-grown asCAD21 [12] but not for 2-year-old field-grown asCAD21 [11]. However, in 
both cases the Kappa number, which indicates the residual lignin in the pulp, was lower for asCAD21 
than wild-type. This implies that a lower amount of alkali is necessary to extract the lignin [1]. The higher 
extractability of lignin upon alkali treatment for asCAD21 compared to wild-type probably makes the 
polysaccharides in the cell wall more accessible for the hydrolyzing enzymes used during saccharification, 
resulting in higher saccharification yields compared to wild-type. There are several reasons that could 
explain why lignin in CAD-deficient lines is easier extracted upon alkali treatment compared to wild-type 
lignin. The incorporation of aldehydes into the lignin polymer would (a) render the free hydroxyl group at 
the C4-position more susceptible to ionization in alkali, and (b) render the α- and the β-carbons more 
susceptible to chemical attack by alkali [1]. In addition, the altered lignin of a naturally occurring CAD-
deficient loblolly pine showed a lower molecular weight. Scott et al. suggested that this could also be the 
reason for the easier delignification during Kraft pulping [28]. 
Downregulating CAD in alfalfa did not result in an increased saccharification yield in both untreated and 
sulfuric acid pretreated conditions [21]. In contrast, CAD-deficient switchgrass showed an increased 
saccharification yield of 19-89% without pretreatment and of 19-44% with a similar sulfuric acid 
pretreatment [24]. Similar observations were noticed here, at least for field-grown sCAD1 poplars; the 
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saccharification yield was increased under untreated and hydrochloric acid pretreated conditions by 58% 
and 35%, respectively (Fig. 6.2). For both switchgrass and poplar, applying an acid pretreatment resulted 
in a lower increase in saccharification yield compared to the increase in saccharification yield when no 
pretreatment was used. Recently, CAD-deficient brachypodium was saccharified using an alkali 
pretreatment (with 0.5 M NaOH), resulting in a 45% increase in saccharification yield, on average [26]. 
This value is similar for both CAD-transgenic poplar lines when saccharified with alkali pretreatment (Fig. 
6.2).  
The material analyzed in this chapter was derived from the first harvest of the French field trial, after 20 
months of growth in the field. After cutting back the trees, they shoot again and after another 2 years 
this new growth of CAD-deficient poplars was harvested and analyzed by an automated saccharification 
protocol [29]. However, there were no differences observed between the CAD-transgenics and wild-type 
poplars (personal communication of Gilles Pilate and Leonardo D. Gomez). This discrepancy between the 
two sets of saccharification results on CAD-deficient poplars from the same field trial can be explained by 
the saccharification conditions that are different between the two techniques, for example, different 
pretreatments, different amount of enzymes, and measurement of released glucose at different 
timepoints. Previously, we also noticed that the increases in saccharification yields that we observed in 
Arabidopsis lignin mutants (see chapter 4) was not observed by the automated saccharification protocol 
(personal communication in the European project Renewall). However, this same automated 
saccharification protocol was also used for CAD-deficient brachypodium where increases in 
saccharification yields were observed [26]. 
In the automated saccharification protocol the saccharification yield is already measured after 8 hours of 
hydrolysis. Although speculative, this saccharification time is not sufficient to observe significant 
differences in saccharification yield, at least for field-grown CAD-deficient poplars. Gomez et al. also 
observed this with cadcomt double mutants in tobacco [29], where the increased saccharification yield 
became significant after 18 hours of saccharification and not after 8 hours of saccharification. 
    
MATERIALS AND METHODS 
Plant material 
Poplars (Populus tremula x Populus alba) were transformed with the pGSJ780A/S-CAD and pGSJ780A/AS-
CAD transformation vectors, resulting in two transgenic lines sCAD1 and asCAD21, respectively, as 
described in [30]. Both transgenic lines as well as wild-type were micropropagated in vitro and 120 
ramets for each line were grown in the greenhouse before planting in the field. Two biological replicates 
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per block and per line were selected for their reddish-brown colored phenotype. This coloration was 
monitored on the cross-sections at the basal part of the stem. The basal 3.5 cm of the stem was 
debarked weighed, grinded in liquid nitrogen and analyzed by saccharification assays. 
 
Field trial 
120 clonal replicates for wild-type, asCAD21 and sCAD1 were planted in the field in July 2008, after 
obtaining suitable authorization (application #B/FR/07/06/01, authorization #07/015 from the “Direction 
Générale de l’Alimentation” from the French “Ministère de l’Agriculture et de la Pêche” (on September 
21, 2007 for a 5 year period) after a positive ruling from the French “Commission du Génie 
Biomoléculaireé”. The 120 plants of each line were dispatched in 5 different randomized blocks (with 24 
trees per block planted in two double rows, see also Fig. 5.2b in chapter 5). The plant density was chosen 
according to short-rotation coppice practice: the space between trees of one double row was 0.55 m 
whereas the interspace between the two double rows was 1.5 m, and the planting distance within a line 
was 1 m. To prevent edge effects, the experimental plantation was bordered with one row of wild-type 
trees. During the growing season the poplars were drip irrigated. In March 2010, the stems were 
coppiced.  
 
Phenotyping 
The basal 3.5 cm of the selected individual trees was debarked and weighed. By dividing the mass by the 
length, the linear density (in g/cm) was calculated. 
 
Saccharification assays 
A comparable saccharification protocol that was established for small sample sizes, as specified in 
chapter 4, was used. 
A 10 mg fraction of the powdered poplar was saccharified under 3 different conditions: untreated, acid 
pretreated, and alkali pretreated. The acid pretreatment of the biomass was performed in 1 ml 1 N HCl 
at 80°C for 2 h, slightly shaking (750 rpm). Alkali pretreatments were performed in 1 ml 0.25% NaOH at 
90°C for 3 h, slightly shaking (750 rpm). The acid/alkali extracts were removed and the pretreated 
material was washed three times with 1 ml water to obtain neutral pH. Subsequently, the material was 
incubated with 1 ml 70% (v/v) ethanol overnight at 55°C. The remaining biomass was washed three 
times with 1 ml 70% (v/v) ethanol, once with 1 ml acetone and dried under vacuum for 45 min.  
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For the saccharifications without pretreatment, 10 mg aliquots of powdered poplar were immediately 
incubated with 1 ml 70% (v/v) ethanol overnight at 55°C. The extracted material was further washed 
three times with 1 ml 70% (v/v) ethanol, once with 1 ml acetone, dried under vacuum for 45 min and 
weighed. Because including the acid/alkali pretreatment prior to the overnight ethanol extraction 
removes some cell wall components, weighing the material after acid/alkali pretreatment and ethanol 
extraction overnight results in an underestimation of the amount of CWR. Therefore, to calculate the 
glucose release with acid/alkali pretreatment per CWR, the CWR data from the untreated samples was 
taken. The ethanol extracted residue, after acid pretreatment, alkali pretreatment, or no pretreatment, 
was dissolved in 1 ml acetic acid buffer solution with pH 4.8 and incubated at 50°C. The enzyme mix 
added to the dissolved material contained cellulase from Trichoderma reseei ATCC 26921 and β-
glucosidase (Novozyme Corp. 188) in a 5:3 ratio. Both enzymes were first desalted over an Econo-Pac 
10DG-column, stacked with Bio-gel P-6DG gel according to the manufacturer’s guidelines. The desalted 
β-glucosidase was 350-fold diluted prior to mixing with desalted cellulase. The enzyme mix was further 
diluted tenfold and the activity of the diluted enzyme mix was measured with a filter paper assay [31]. To 
each biological sample, dissolved in acetic acid buffer pH 4.8, enzyme mix with an activity of 0.03 FPU 
was added. After short spinning, to remove droplets from the lid of the reaction tubes, 20 µl aliquots of 
the supernatant were taken after 5, 24, 29, and 48 h of incubation at 50°C and diluted with acetic acid 
buffer pH 4.8 (20-fold after 5 h, 30-fold after 24 h, and 40-fold after 29 and 48 h). The concentration of 
glucose in these diluted samples was measured indirectly with a spectrophotometric color reaction 
(GOD-POD). A 100 ml aliquot of the reaction mix from this color reaction contains 50 mg ABTS [2,2’-
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)], 44.83 mg glucose oxidase (GOD, Sigma), and 173 µl of 
4% (w/v) peroxidase (POD, Roche) in acetic acid buffer pH 4.5. To measure the concentration of glucose, 
50 µl of the diluted samples was added to 150 µl GOD-POD solution and incubated for 30 min at 37°C. 
Absorbance was measured spectrophotometrically at a wavelength of 405 nm. The concentration in the 
original sample was calculated using a standard curve based on known concentrations D-glucose (Sigma). 
 
Statistics 
All statistical analyses were performed with SAS Enterprise Guide 5.1 (SAS Institute Inc., 2012, Cary, 
North Carolina). Mixed model analysis was performed for each variable to test whether there was a 
significant line effect. Block was put as a random effect in the model. Post-hoc Dunnett’s tests (2-sided) 
were performed to test for significant differences between a particular line and wild-type. Differences 
with a Dunnett adjusted p-values <0.05 were considered significant. 
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Chapter 7              
 
 
 
 
 
 
 
A naturally occurring 
HCT-deficient poplar 
 
 
 
 
 
 
“The most exciting phrase to hear in science, the one that heralds the most 
discoveries, is not “Eureka!” (I found it!) but “That’s funny …”.” 
(Isaac Asimov, 1920-1992) 
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This work resulted in a published paper, New Phytologist 2013, 198:765-776: 
“Breeding with rare defective alleles: A natural Populus nigra HCT mutant with modified lignin as a case 
study” 
Vanholme B., Cesarino I., Goeminne G., Kim H., Marroni F., Van Acker R., Vanholme R., Morreel K., Ivens 
B., Pinosio S., Morgante M., Ralph J., Bastien C. and Boerjan W. 
 
My contributions to this paper are: 
- Determining lignin composition by thioacidolysis on woody cuttings 
- Determining lignin composition by thioacidolysis on young actively growing poplars 
- Determining lignin content by acetyl bromide on woody cuttings 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Background picture is taken from 
http://jtotheizzoe.files.wordpress.com/2011/02/methylated_dna_hires.jpg 
    183 
 
ABSTRACT 
Next-generation (NG) sequencing in a natural population of Populus nigra revealed a mutant with a 
premature stop codon in the gene encoding hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyl 
transferase1 (HCT1), an essential enzyme in lignin biosynthesis. HCT1 converts p-coumaroyl-CoA into p-
coumaroyl shikimate. 
The lignin composition of P. nigra trees homozygous for the defective allele was compared with that of 
heterozygous trees and trees without the defective allele. The lignin was characterized by phenolic 
profiling, lignin oligomer sequencing, thioacidolysis, and NMR. The mutant allele, PnHCT1-Δ73, encodes a 
truncated protein and trees homozygous for this recessive allele have a modified lignin composition 
characterized by a 17-fold increase in p-hydroxyphenyl units. In addition, HCT1 was heterologously 
expressed for activity assays and crosses were made to introduce the mutation in different genetic 
backgrounds. 
Using the lignin pathway as proof of concept, we illustrated that next-generation EcoTILLING to identify 
rare defective alleles is a straightforward approach to initiate reverse genetics and accelerate tree 
breeding. The proposed breeding strategy, called ‘Breeding with Rare Defective Alleles’ (BRDA), should 
be widely applicable independent of the target gene or the species. 
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INTRODUCTION 
Trees capture carbon dioxide and incorporate most of the carbon into lignocellulose that can later be 
used to produce bioenergy and biomaterials. At the dawn of the bio-based economy, the genetic 
improvement of trees is gaining increasing interest [1]. Sexual hybridization by conventional breeding is 
still the most commonly used method. This involves crosses of parental genotypes selected from 
genetically diverse germplasm and the subsequent screening of the progenies for beneficial phenotypes. 
Lower sequencing costs have allowed association genetics and genomic selection to enter the arena of 
forest tree domestication [1,2]. For these methods a large number of natural accessions is genotyped 
and SNPs or groups of SNPs associated with phenotypes of interest are identified. However, SNPs 
associated with quantitative trait typically explain only a minor fraction of the phenotypic variation. 
Although defective (non-functional) alleles are expected to explain a larger portion of this variation, such 
alleles may be kept at low frequency as a consequence of negative selection [3]. These rare alleles will 
most often be recessive and present in heterozygous condition in randomly mating populations. Hence, 
they remain undetectable in most conventional breeding programs that use only a limited number of 
parental genotypes. 
In a previous study, with lignin biosynthesis genes as targets, we set out to investigate whether rare 
defective alleles were present in the poplar germplasm and how frequent they were [4]. Lignin is an 
amorphous polymer that intercalates between cellulose and hemicelluloses in the secondary cell wall. Its 
hydrophobicity makes it an excellent compound to waterproof the cell walls of the water conducting 
cells of the xylem, but simultaneously makes it one of the main obstacles to the efficient processing of 
lignocellulosic biomass into pulp and fermentable sugars [5]. The pathway towards the lignin building 
blocks is well documented and consists of a metabolic grid that modifies phenylalanine in several steps 
to ultimately produce the monolignols p-coumaryl, coniferyl, and sinapyl alcohols that are then 
polymerized by radical coupling mechanisms to result in p-hydroxyphenyl, guaiacyl, and syringyl (H, G, 
and S) units in the lignin polymer in the cell wall (Fig. 7.1). Here we describe the characterization of a 
natural mutant harboring a defective gene encoding a truncated hydroxycinnamoyl-CoA:shikimate 
hydroxycinnamoyl transferase 1 (HCT1; accession JF693234; EC 2.3.1.133). This enzyme is key in the 
pathway as it channels the phenylpropanoids towards the biosynthesis of the methoxylated monolignols 
coniferyl alcohol and sinapyl alcohol, as shown in Arabidopsis [6]. Its role in poplar is unclear as it has 
recently been shown that phenylpropanoids such as p-coumarate can be converted to caffeic acid by the 
C4H/C3H complex, and as such bypass HCT [7] (Fig. 7.1). In line with the position of HCT in the lignin 
pathway, the natural poplar mutant has an altered lignin composition. The presented strategy can be 
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used to study gene function in both model and non-model plants and opens up important perspectives 
to using defective alleles in breeding programs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1: Biosynthesis of monolignols. The grey box highlights the position of HCT in the lignin biosynthesis. PAL: phenylalanine 
ammonia-lyase; C4H: cinnamate 4-hydroxylase; 4CL: 4-coumarate:CoA ligase; HCT: p-hydroxycinnamoyl-CoA:shikimate p-
hydroxycinnamoyl transferase; C3H: pcoumarate 3-hydroxylase; CCoAOMT: caffeoyl-CoA O-methyltransferase; F5H: ferulate 5-
hydroxylase; CCR: cinnamoyl-CoA reductase; COMT: caffeic acid O-methyltransferase; CAD: cinnamyl alcohol dehydrogenase 
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RESULTS 
Populus nigra 71030-501 is homozygous for PnHCT1-Δ73 
Marroni et al. screened for rare defective alleles of lignin biosynthesis genes in a natural population of 
768 P. nigra trees by next-generation sequencing [4]. One of the genes of interest was HCT, coding for an 
acyltransferase that is a key branch-point enzyme in the lignin biosynthetic pathway, as shown in 
Arabidopsis. The gene consists of three exons and the deduced coding sequence of 1302 bp encodes a 
protein of 433 aa (theoretical pI/MW: 6.15/47.84) containing both an HXXXD- and a DFGWG-motif, 
which are typical for proteins of the BAHD-family to which it belongs [8]. Phylogenetic analysis revealed 
its orthology to HCT1 (POPTR_0003s18210) of P. trichocarpa that, in differentiating xylem tissue, is the 
highest expressed member of a small gene family (n=7) [9]; the gene was accordingly named PnHCT1. 
Among the 13 different SNPs in this gene found in the population of 768 P. nigra trees, one (C1083A) 
introduced an early stop codon (C361*). The truncated protein (theoretical pI/MW: 6.5/39.79) lacks 73 
aa at the C-terminal end (including the conserved DFGWG-motif) and the allele was accordingly named 
PnHCT1-Δ73. Despite its low allele frequency (2.98%), one tree homozygous for the PnHCT1-Δ73 allele 
was identified in the population (clone 71030-501; Δ73/Δ73). To study the effect of the point mutation, 
six genotypes heterozygous for the PnHCT1- Δ73 allele (Δ73 /+; SPM45, BSL39, VDL47, BSL01, RHN23, 
and PGS06) and 10 wild-types (+/+; BSL28, BSL37, LOW17, VDL29, VDL34, SPM37, BSL12, VDL06, SPM26, 
and SPM57) were selected from the natural P. nigra population and for each genotype four biological 
replicates were grown in the glasshouse. Although the Arabidopsis hct mutant is severely impaired in 
growth [10], no obvious effects on height, diameter, or overall phenotype of the young trees could be 
attributed to the Δ73/Δ73 genotype under glasshouse or field conditions (Fig. 7.2). However, differences 
in growth could have been easily masked by the overall large phenotypic variation that was observed 
among the genetically diverse individuals. 
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Figure 7.2: Growth performances of two-years-old trees from a clonal test established at INRA Orléans. Forty P. nigra genotypes 
identified as heterozygous carriers (green) are compared relative to 1037 P. nigra genotypes sampled in European natural 
riparian stands. Genotype performances represent block-adjusted genotypic means calculated from measurements of six 
complete randomized blocks. The 71072-501 genotype (Δ73/Δ73) (red) was not present in this experiment but its growth 
performance was estimated from standardized performances observed for two-years-old growth in a 6-complete-block clonal 
test established in Guéméné-Penfao. Standardization was done thanks to the average performances of 59 common P. nigra 
clones. 
 
P. nigra 71030-501 accumulates H-containing oligolignols 
Xylem tissue was harvested from 2-month-old stems of the glasshouse-grown population and the 
aromatic metabolites were analyzed by UPLC-MS. Over the different genotypes a total of 4600 peaks was 
detected. The 68 chromatograms were aligned and analyzed by multivariate statistics. Whereas the 
metabolic profiles of genotypes heterozygous for the PnHCT1- Δ73 allele did not separate from those of 
the wild-type genotypes, the Δ73/Δ73 genotype had a clearly distinct profile and clustered separately in 
PCA-plots (Fig. 7.3a). This indicated that the truncation of HCT1 had a metabolic effect despite the 
absence of an easily observable phenotype. S-plots were used to highlight the differences between the 
genotypes (Fig. 7.3b) and compounds that were significantly different in abundance in Δ73/Δ73 as 
compared to the other genotypes (Δ73/+ and +/+) were identified (Table 7.1 and Supplementary Table 
7.1). Interestingly, most of the compounds accumulating in Δ73/Δ73 were not detectable in the +/+ and 
Δ73/+ genotypes. Lignin sequencing revealed these molecules to be H-containing oligolignols. In these 
oligolignols, H units were in most cases positioned as phenolic end-groups. This specific position of H 
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units is presumably the consequence of the high oxidation potential of p-coumaryl alcohol which has a 
negative effect on the oxidative-driven lignin biosynthesis [11]. The accumulation of H-containing 
oligolignols is consistent with the specific position of HCT in the lignin biosynthetic pathway (Fig. 7.1). 
Other compounds upstream of HCT did not accumulate in the mutant, indicating they were efficiently 
processed towards downstream compounds such as p-coumaryl alcohol. Although most of the 
compounds that were reduced in abundance in Δ73/Δ73 were oligolignols as well, they were exclusively 
composed of G and S units. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3: PCA and S-plot of the metabolites. a: PCA scatter plot of the first two principal components (X- and Y-axes, 
respectively) using the metabolic profiles of one Δ73/Δ73 clone (P. nigra 71030-105), six Δ73/+ genotypes (SPM45, BSL39, 
VDL47, BSL01, RHN23, and PGS06), and 10 +/+genotypes (BSL28, BSL37, VDL29, VLD34, SPM37, BSL12, VDL06, LOW17, SPM26, 
and SPM57). Four biological replicates were analyzed for each genotype. b: S-plot showing the differences in compound 
abundance between the Δ73/Δ73 clone and the +/+ or Δ73/+ genotypes. Compounds with high discriminatory ability are 
colored and were further identified based on their m/z value and their specific MS/MS fragmentation spectra (see 
Supplementary Table 7.1; +/+ or Δ73/+ = +1; Δ73/Δ73 = -1). 
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Table 7.1: Top ten list of metabolites accumulating or reduced in abundance in the clone 71030-501 (Δ73/Δ73) compared to the 
other genotypes (Δ73/+ and +/+). Ten +/+ (BSL28, BSL37, VDL29, VLD34, SPM37, BSL12, VDL06, 751 LOW17, SPM26, and SPM57) 
and six Δ73/+ plants (SPM45, BSL39, VDL47, BSL01, RHN23, and PGS06) were used. Four biological replicates were analyzed for 
each genotype. Details concerning their characterization as well as a complete list of differentials can be found in 
Supplementary Table 7.1. Compounds with similar m/z but different retention time are isomers. ??: unknown or structure not 
fully conclusive from MS/MS data; ΔmDa: mass accuracy; X: unknown moiety; ∞: fold change is infinite because the compound 
is absent in +/+ or Δ73/+. 
 
 Compound m/z formula ΔmDa 
Fold 
change vs. 
+/+ 
Fold 
change vs. 
Δ73/+ 
up H(8‒O‒4)S(8‒5)H’ 521.1797 C29H29O9 -1.5 ∞ ∞ 
 H(8‒O‒4)G(8‒5)G 523.196 C29H31O9 -0.8 ∞ ∞ 
 H(8‒O‒4)X 523.1964 C29H31O9 -0.4 ∞ 1329.001 
 H(8‒O‒4)G(8‒O‒4)G’ 539.1906 C29H31O10 -1.1 ∞ ∞ 
 H(8‒O‒4)G(8‒O‒4)G’?? 539.1906 C29H31O10 -1.1 ∞ ∞ 
 H(8‒O‒4)G(8‒5)Gglycerol 557.1991 C36H29O6 2.7 ∞ ∞ 
 H(8‒O‒4)G(8‒O‒4)S’?? 569.2012 C30H33O11 -1.1 ∞ ∞ 
 H(8‒O‒4)G(8‒8)G(4‒O‒8)G 719.2660 C46H39O8 1.5 ∞ 573.365 
 H(8‒O‒4)S(8‒8)S(4‒O‒8)H 749.2802 C40H45O14 -0.8 ∞ 585.467 
 H(8‒O‒4)S(8‒8)S(4‒O‒8)H 749.2812 C40H45O14 0.3 6572.157 3304.823 
down G(t8‒O‒4)S(8‒O‒4)S’ 629.2224 C32H37O13 -1 0.129 0.124 
 G(t8‒O‒4)S(8‒O‒4)S’ 629.2223 C32H37O13 -1.1 0.130 0.120 
 G(t8‒O‒4)S 405.1557 C21H25O8 0.8 0.196 0.224 
 G(8‒O‒4)G(8‒O‒4)S(8‒O‒4)S’ 825.2986 C60H41O4 -1.9 0.203 0.199 
 G(e8‒O‒4)S(8‒5)G 583.2174 C31H35O11 -0.5 0.227 0.246 
 G(t8‒O‒4)S(8‒8)G 583.2172 C31H35O11 -0.7 0.235 0.259 
 G(t8‒O‒4)S(8‒5)G 583.2173 C31H35O11 -0.6 0.276 0.308 
 G(8‒O‒4)S(8‒8)S(4‒O‒8)G 809.3029 C42H49O16 0.8 0.311 0.319 
 G(e8‒O‒4)S(8‒5)G’?? 581.2017 C31H33O11 -0.6 0.322 0.262 
 G(e8‒O‒4)S(8‒5)G’ 581.2011 C31H33O11 -1.2 0.325 0.286 
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P. nigra 71030-501 has a modified lignin composition 
Metabolic profiling showed the accumulation of H-containing oligolignols in Δ73/Δ73. To investigate to 
what extent the H units were incorporated into the higher molecular weight lignin polymers, we 
determined the abundance of H, G, and S units that are linked by ether bonds in lignin by thioacidolysis. 
This analysis of xylem from dormant woody cuttings revealed an overall increase in H units from barely 
detectable in Δ73/+ and +/+ trees, to 6.98% in Δ73/Δ73 (~17x increase; Fig. 7.4a, Table 7.2). The shift 
towards H units was largely at the expense of G units which were reduced from 35.03% and 35.23% for 
Δ73/+ and +/+, respectively, to 26.98% in Δ73/Δ73 resulting in an increased S/G ratio. Similar results 
were obtained when wood from actively growing trees was used (glasshouse-grown, two months after 
sprouting from woody cuttings), although in these samples the level of H units was lower (3.72%, in the 
Δ73/Δ73 trees; ~16x increase), and consequently the drop in G units was no longer statistically different 
(Table 7.2). The total yield of thioacidolysis monomers (H+G+S), representing the level of uncondensed 
units in lignin, was not significantly different in Δ73/Δ73 compared to Δ73/+ and +/+. In line with this 
observation, there was no change in the lignin content, as analyzed by the acetyl bromide method (Fig. 
7.4b), although the variation in lignin levels was large between individual trees due to the high genetic 
variation in Populus [12]. 
The shift towards H-rich lignin was confirmed by two-dimensional (2D) 13C–1H correlation (HSQC) NMR 
spectra comparing the Δ73/Δ73 genotype with four +/+ genotypes (Fig. 7.5, Supplementary Fig. 7.1-7.2, 
and Supplementary Table 7.2). Whereas both S and G aromatic resonances were easily observed, only 
traces of H units could be detected from the whole cell wall gel sample of the wild-types (0.5%, Fig. 7.5c, 
H-contour below the plotted level). Δ73/Δ73 lignin had a remarkable increase in H units (estimated by 
contour volume integration at ~16x) that was, as noted in the thioacidolysis data, largely at the expense 
of G units (Supplementary Table 7.2). In contrast to the thioacidolysis data, an increase in S units was 
found in Δ73/Δ73 lignin.  
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Figure 7.4: Lignin composition and amount. a: Percentage of p-hydroxyphenyl (H units; grey), guaiacyl (G units; black), and 
syringyl (S units; white) monomer yields after thioacidolysis. Values are averages obtained for one Δ73/Δ73 clone (P. nigra 
73010-501), five Δ73/+ genotypes (BSL01, BSL39, RHN23, SPM45, and VDL47), and five +/+ genotypes (BSL12, LOW17, SPM26, 
SPM37, and VDL06). For each of the genotypes, four biological replicates were analyzed. The error bar represents the standard 
deviation. b: Percentage of acetyl bromide lignin levels. Black bars represent lignin amount relative to the dry stem, whereas 
grey bars represent lignin amount relative to the purified cell wall residue. Values are averages obtained for one Δ73/Δ73 
genotype (73010-501), five Δ73/+ genotypes (BSL01, BSL39, RHN23, SPM45, and VDL47), and six +/+ genotypes (BSL12, LOW17, 
SPM26, SPM37, VDL06, and VDL29). For each of the genotypes, two biological replicates were analyzed. The error bar 
represents the standard deviation.  
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Table 7.2: Relative thioacidolysis monomer composition in the clone 71030-501 (Δ73/Δ73) compared to the other genotypes 
(Δ73/+ and +/+). Five +/+ genotypes (BSL12, LOW17, SPM26, SPM37, and VDL06) and five Δ73/+ plants (BSL01, BSL39, RHN23, 
SPM45, and VDL47) were analyzed. Four biological replicates were analyzed for Δ73/Δ73, and two biological replicates were 
analyzed for each Δ73/+ and +/+ genotype. Values statistically significant from the +/+ are depicted with an asterisk (*, P < 0.01). 
Seven progeny trees were analyzed for both genotypic classes (Δ73/Δ73 and Δ73/+) of each of the crosses. H: p-hydroxyphenyl, 
G: guaiacyl, and S: syringyl. Old: woody cuttings; Young: two months after sprouting from woody cuttings. EP11F1: P. nigra 771 
clone 71030-501 x clone 71104; EP11F2: P. nigra clone 71030-501 x clone SPM12. 
 
  %H %G %S 
old +/+ 0.39 ± 0.09 35.23 ± 3.17 63.20 ± 3.18 
 Δ73/+ 0.56 ± 0.10 35.03 ± 2.86 64.41 ± 2.93 
 Δ73/ Δ73 6.98 ± 0.95* 26.98 ± 0.42* 66.04 ± 1.37 
young +/+ 0.22 ± 0.06 34.71 ± 2.23 65.07 ± 2.22 
 Δ73/+ 0.34 ± 0.06 33.46 ± 3.52 66.02 ± 3.56 
 Δ73/ Δ73 3.72 ± 0.50* 34.71 ± 1.43 66.17 ± 1.39 
EP11F1 Δ73/+ 0.20 ± 0.08 32.23 ± 1.85 67.57 ± 1.79 
 Δ73/ Δ73 3.60 ± 0.89 29.93 ± 2.91 66.47 ± 2.20 
EP11F2 Δ73/+ 0.21 ± 0.11 33.45 ± 2.25 66.35 ± 2.32 
 Δ73/ Δ73 2.00 ± 0.25 31.44 ± 2.28 66.57 ± 2.31 
 
However, both methods measure H/G/S distributions on entirely different fractions of the lignin. The 
NMR value represents the entire cell wall lignin and is slightly biased towards end-units, whereas the 
thioacidolysis value represents only the monomer fraction released by cleaving β-ether bonds in the 
lignin. The side-chain region (Supplementary Fig. 7.2) shows interunit distributions that are consistent 
with the changes in the aromatic monomer profile. Lignins from Δ73/Δ73 had spectra with obvious 
compositional changes. One of the β-aryl ether structures, LA-S (β-syringyl ether units), was slightly 
(relatively) increased, whereas the LA-H/G (β-p-hydroxyphenyl or β-guaiacyl ether units) were relatively 
decreased due to the lower G unit levels, even though H units were increased. Phenylcoumarans LB, 
whose levels typically parallel G unit levels, were decreased in the mutants; S units cannot couple at their 
5-positions due to the methoxyl substitution [13,14]. Finally, as whole cell wall gel samples for the NMR 
study were used, detailed polysaccharide (hemicelluloses and cellulose) information was also obtained, 
but no significant differences were observed (data not shown). 
193 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.5: Whole cell wall NMR. Partial short-range 2D 13C–1H (HSQC) correlation NMR spectra (aromatic region) of lignin 
isolated from two biological replicates of P. nigra 71030-501 (Δ73/Δ73) (a-b), and a control genotype (VDL06; +/+) (c). Semi 
quantitative volume integrations are given. Spectra of additional control genotypes (BSL37, VDL29, and LOW17) are in 
supplementary (Supplementary Fig. 7.1-7.2), and semi-quantitative (comparative) data are in Supplementary Table 7.2. 
Correlation peaks are colored the same as their assigned structures (although the H3/5 and PB3/5 correlations overlap with G 
correlations and are only indicated); H = p-hydroxyphenyl, G = guaiacyl, S = syringyl units; PB = p-hydroxybenzoate unit acylating 
lignin side-chains; correlations from cinnamyl alcohol (X1) and cinnamaldehyde (X2) endgroups are also in this region and are 
assigned/colored.  
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Confirming cell wall composition in homozygous genotypes with different genetic background 
In order to confirm the co-segregation between genotype and phenotype, we generated full-sib offspring 
by crossing Δ73/Δ73 with two different Δ73/+ genotypes (71104 and SPM12; cross EP11F1 and EP11F2, 
respectively). This provided us with additional trees which were homozygous and heterozygous for the 
Δ73 allele but with a more comparable genetic background. The progeny of both crosses was genotyped 
and no obvious visible phenotypes were observed that distinguished Δ73/Δ73 from Δ73/+ trees, 
although large biological variation was still observed, as is common in tree breeding (Fig. 7.6). After three 
months of growth in the nursery, seven Δ73/Δ73 and seven Δ73/+ trees derived from each of the two 
crosses with comparable height were selected for analysis of lignin composition. Trees were debarked 
and analyzed by thioacidolysis. The H/G/S composition of the lignin was comparable to that found for 
young developing wood of the parental clone 71030-501. Interestingly, although in both progenies the 
level of H units increased in the Δ73/Δ73 compared to the Δ73/+ genotypes, the level of accumulation 
was considerably different in both crosses (~18x and ~10x increase for EP11F1 and EP11F2, respectively; 
Table 7.2). This observation indicates that the expressivity of the phenotype is highly dependent on the 
genetic background and is consistent with the large genetic variation in the poplar germplasm. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.6: Growth performances of one-year-old progeny of two independent P. nigra crosses. a: Average height and standard 
deviation for progeny of two crosses: EP11F1 (71072-501 x 71104) and EP11F2 (71072-501 x SPM12 ). Grey bars represent the 
progeny heterozygous for the defective allele (Δ73/+) whereas white bars represent progeny homozygous for the defective 
allele (Δ73/Δ73). b: Histograms depicting the height distribution of progeny of two crosses: EP11F1 (71072-501 x 71104) and 
EP11F2 (71072-501 x SPM12). The number above the class depicts to number of trees selected from this class for thioacidolysis. 
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Transcript levels of HCT genes are not changed in genotype 71030-501 
Based on the observation that knock-down of the single copy Arabidopsis HCT has dramatic effects on 
plant growth [10,15] combined with the fact that the P. trichocarpa ortholog PtHCT1 is the highest 
expressed member of the gene family in xylem [9], a severe phenotypic knock-down effect was expected 
in trees homozygous for the PnHCT1-Δ73 allele. However, although up to 18-fold increase in these trees, 
the frequency of H units remained surprisingly small (~7% by thioacidolysis, ~8% by NMR). 
This could point to functional redundancy e.g. caused by elevated expression of other HCT gene family 
members. To verify this, we analyzed the transcript levels of the different HCT genes in scraped xylem of 
6-months-old branches of +/+, Δ73/+, and Δ73/Δ73 plants. The qPCR results confirmed that among the 
amplified HCT genes, PnHCT1 has highest expression levels in xylem tissue. PnHCT6 expression could be 
detected in this tissue as well, but at considerably lower levels (Fig. 7.7a), and according to PopGenIE, 
PnHCT6 is mainly expressed in young developing xylem (Fig. 7.7b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.7: qPCR gene expression analysis. a: Expression level of different members of the HCT family as determined by Ct-value. 
Two pairs of gene specific primers were used per gene. Values are averages obtained for one Δ73/Δ73 clone (P. nigra 73010-
501), one Δ73/+ genotypes (BSL01), and 2 +/+ genotypes (BSL12 and SPM26). For each of the genotypes, 2 biological replicates 
were analyzed in 3 technical replicates. No amplification was obtained for PnHCT5 and PnHCT3 members of the HCT gene 
family. The error bar represents the standard deviation. b: Expression pattern of PtHCT1 (POPTR_0003s18210) and PtHCT6 
(POPTR_0001s03440) in xylem as predicted by PopGenIE, based on micro-array datasets [16]. Based on this dataset PtHCT6 is 
linked with xylem development whereas PtHCT1 is linked with xylem maturation.  
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Both PnHCT1 and PnHCT6 cluster together with biochemically characterized HCT genes in phylogenetic 
trees. The other genes of the family cluster with the closely related hydroxycinnamoyl-CoA:quinate 
hydroxycinnamoyl transferase (HQT) genes, which are involved in the biosynthesis of the phenolic 
antioxidant chlorogenic acid, at least in solanaceous species [17,18]. All amplified HQT-related HCT genes 
were expressed at considerably lower levels in xylem. Similar expression profiles for the different genes 
were obtained based on cDNA from Δ73/+ and +/+ genotypes, indicating that the transcript levels of the 
different members of the gene family were not affected by the point mutation in HCT1 and that the 
point mutation has no effect on the gene expression or mRNA stability of PnHCT1-Δ73. 
 
Molecular function of PnHCT1 
To further support its role in lignin biosynthesis, we verified whether PnHCT1 catalyzed the same 
reaction as the Arabidopsis HCT. To this end PnHCT1 was heterologously expressed in yeast and cell 
lysates were incubated with the appropriate substrates. p-Coumaroyl shikimate was detected after 
feeding with p-coumaroyl-CoA. However, shikimate conjugates were not detected after feeding with 
cinnamoyl-, caffeoyl-, or feruloyl-CoA. An alternative approach was tested by expressing PnHCT1 
together with the 4-hydroxycinnamoyl-CoA ligase 4 (4CL4) from Arabidopsis in yeast cells. As 4CL4 has 
low substrate specificity [19], different CoA-substrates could be tested in the assay. Feeding the 
transformed yeast cultures with p-coumarate and shikimate resulted in the accumulation of different p-
coumaroyl shikimate isomers (Fig. 7.8b and Table 7.3). In addition, compounds consisting of shikimate 
coupled to two molecules of p-coumarate were detected. These products were not detected in the 
absence of p-coumarate, or when using yeast cells transformed with an empty vector. In this 
experimental setup, caffeic and ferulic acids were esterified by shikimate although to a lower level 
compared to p-coumarate. This could be partly due to 4CL4, which has lower specificity towards both 
compounds [19], and consequently limits the supply of appropriate CoA-building blocks to HCT. 
However, as these products remain below the detection limit when HCT-expressing yeast was fed with 
CoA-esters we can conclude that p-coumaroyl-CoA is the preferred substrate. We also tested whether 
shikimate could be replaced by quinate, as is the case for several described HCT enzymes [20,21]. 
However, in our experimental setup, acyl group transfer to quinate was below the level of detection. To 
extrapolate our findings towards more physiologically relevant conditions, xylem proteins were 
extracted from trees that were hetero- or homozygous for the defective allele. When protein extracts of 
Δ73/+ trees were fed with p-coumaroyl-CoA and shikimate, p-coumaroyl shikimate accumulated to high 
levels, whereas significantly lower levels of p-coumaroyl shikimate were obtained when a similar 
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experiment was performed with protein extracts of Δ73/Δ73 trees (Fig. 7.8c). Comparable results were 
obtained in two different populations, indicating that the results were independent of the genetic 
background. 
 
Table 7.3: Detection of shikimate esters by UPLC-MS after feeding yeast cells expressing the Arabidopsis 4CL4 in combination 
with PnHCT1. Feeding was with shikimate or quinate in combination with p-coumaric acid, caffeic acid, ferulic acid, or sinapic 
acid. Values are averages of four replicates. No product was detected when quinate (data not shown) or sinapic acid was used. 
shiA: shikimate. SE: standard error. ND: not detected. 
 
substrate  product tR (min) m/z peak area SE 
p-coumaric acid + shiA p-coumaroyl shiA 8.30 319 577519 42626 
   9.83 319 23162 2674 
   7.90 319 2637 293 
   7.60 319 1254 236 
  di-p-coumaroyl shiA 17.60 465 136547 21202 
   17.80 465 10792 1131 
   17.90 465 5832 965 
   17.40 465 1810 177 
caffeic acid + shiA caffeoyl shiA 6.40 335 30985 2060 
  di-caffeoyl shiA 13.70 497 1009 91 
ferulic acid + shiA feruloyl shiA 9.30 349 4933 336 
sinapic acid + shiA  ‒ 585 ND ‒ 
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Figure 7.8: Molecular function of P. nigra HCT1. a: PnHCT1 converts CoA-esters to shikimate esters. The reaction is given for p-
coumaroyl-CoA as a representative example, but caffeoyl-CoA and feruloyl-CoA can be used as substrate as well. b: Detection of 
5-O-p-coumaroyl shikimate by UPLC-MS. Black: chromatogram at m/z 319 after incubation of yeast cells expressing the 
Arabidopsis 4CL4 in combination with PnHCT1 in the presence of p-coumaric acid and shikimate as substrates. The peaks at 8.3 
min and 9.8 min are the trans- and cis-isomers of 5-O-p-coumaroyl shikimate, respectively. Grey: empty vector control, where 
4CL4 was expressed in the absence of PnHCT1. Insert: MS2 spectrum of p-coumaroyl shikimate (m/z 319) in negative mode. The 
retention time and the MS2 were confirmed by authentic reference compounds. c: Accumulation of p-coumaroyl-shikimic acid 
upon feeding xylem protein extracts with p-coumaroyl-CoA and shikimic acid. Stem tissue of two independent crosses were 
analyzed: EP11F1 (71072-501 x 71104) and EP11F2 (71072-501 x SPM12). Grey bars represent the progeny homozygous for the 
defective allele (Δ73/Δ73), whereas white bars represent progeny heterozygous for the defective allele (Δ73/+). The error bar 
represents the standard deviation. 
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DISCUSSION 
In this paper we describe the functional characterization of HCT by means of a rare recessive allele 
(PnHCT1-Δ73) in P. nigra. HCT is essential for the synthesis of G and S lignin monomers [6], and plants 
homozygous for the recessive allele have an altered lignin composition characterized by a 10- to 18-fold 
increase in H units depending on the developmental stage and genetic background. The increase was 
largely at the expense of G units and resulted in a higher S/G ratio, a feature that was also observed in 
Populus alba X grandidentata transgenics downregulated in C3H [22], the enzyme catalyzing the 
conversion after HCT, but significantly differs from what has been observed in alfalfa (Medicago sativa) 
C3H- and HCT-downregulated plants, where the S/G ratio remained fairly constant [23-25]. The reason 
why the increase in H unit content is at the expense of G units in poplar is currently unclear, but could 
e.g., be due to the high efficiency of F5H, that guides the metabolic flux towards S units [26]. 
As G and S units are formed downstream of HCT, blocking this step was expected to have a dramatic 
effect on lignin composition as was observed for the Arabidopsis hct mutant where H units content 
raised to ~85% [10]. Despite the up to 18-fold higher levels of H units in the Δ73/Δ73 mutant as 
compared to heterozygous genotypes, the overall H unit content remained low indicating that the plant 
has a way to cope with this mutation. It is possible that the truncated enzyme has residual activity to 
shuttle p-coumaroyl-CoA towards caffeoyl-CoA. In favor of this hypothesis is the fact that the putative 
catalytic site (HxxxD) is not affected by the point mutation. However, the 73 aa C-terminal end, which is 
deleted in the product of the Δ73 allele, contains the conserved DFGWG-motif that covers the binding 
pocket (Supplementary Fig. 7.3) and could play a role in guiding the substrates in the active site. Similar 
truncations in related BAHD proteins or specific point mutations in the DFGWG-motif resulted in 
enzymes with drastic reductions in activity, improper folding, and subcellular mislocalization [27-29]. 
Unfortunately, we were never successful in showing expression of PnHCT1-Δ73 in yeast by RT-PCR, 
suggesting that the mRNA is unstable and rapidly degraded in yeast. Although similar post transcriptional 
processing can occur in plants [30], the PnHCT1-Δ73 transcript levels remained similar to those of the 
wild-type allele in P. nigra. We therefore hypothesized that the truncated protein has some residual 
enzymatic activity. The ability of protein fractions extracted from the Δ73/Δ73 mutant xylem to produce 
p-coumaroyl-shikimate in vitro is in favor of that hypothesis. Another explanation for the absence of a 
more drastic phenotype could be the functional redundancy within the gene family, although we showed 
that the point mutation in PnHCT1 does not result in altered transcript levels of this gene or the other 
members of the HCT family. Interestingly, the accumulation of H units was less pronounced in young 
developing wood, where HCT6 rather than HCT1 seems to be expressed. Thus, it is possible that HCT6 
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provides sufficient HCT activity for normal growth and development in the presence of truncated HCT1. 
RNAi strategies that target multiple gene family members are needed to answer this question. Finally, it 
has recently been shown in P. trichocarpa that the C4H/C3H complex catalyzes the 3-hydroxylation of p-
coumaric acid [7], and the formed product (caffeic acid) can serve as substrate for poplar 4CL to form the 
corresponding CoA-ester [31]. Interestingly, this new pathway can apparently not fully compensate for 
the deficiency of the HCT classical pathway, as can be concluded from the accumulation of H units in the 
Δ73/Δ73 trees.  
For trees, only few examples exist where rare natural defective alleles have been associated with a 
phenotype. The first natural mutant in a tree species was described by Mackay et al. [32] who 
fortuitously discovered a null allele in the cinnamyl alcohol dehydrogenase (CAD) gene by analyzing CAD 
allozyme patterns in a segregating population of loblolly pines [33]. The corresponding mutant allele was 
later discovered to be caused by a two base pair insertion in exon 5 of the CAD gene [34]. Another 
example comes from association genetics of wood quality in eucalyptus where Thumma et al. [35] found 
a correlation between microfibril angle and SNPs in the cinnamoyl-CoA reductase (CCR) gene. Cloning of 
the causal allele revealed that the SNP caused a splice variant of the CCR transcript. 
In contrast to these studies, our strategy is the first to specifically search for rare defective alleles in 
target genes, and provides the first poplar mutant in which the rare allele is demonstrated by reverse 
genetics to cause a wood phenotype when homozygous. The ability to detect and access rare defective 
alleles in wild germplasm opens perspectives to accelerate tree breeding programs. Indeed, next-
generation EcoTILLING enables identifying multiple heterozygous carriers of defective alleles within 
different genetic backgrounds. Sexual hybridization will result in homozygosity of the defective locus, 
without inbreeding depression (Supplementary Fig. 7.4). The derived breeding approach, called 
Breeding with Rare Defective Alleles (BRDA), can exploit the potential of these rare natural variants with 
major effects on the phenotype. BRDA is a straightforward complementary approach to association 
genetics and genomic selection to accelerate breeding. In addition, it is an alternative strategy to valorize 
information obtained by gene silencing approaches and allows reverse genetics to be used in 
economically important non-model organisms for which techniques such as transformation are not 
available. This approach can be particularly useful for genes for which a genetically engineered knock-out 
or knock-down has proven that loss of function can lead to trait improvement [1,36], and it has the 
additional advantage that natural alleles are genetically stable whereas the expression of a transgene 
can be silenced. The foreseen reduction in the cost of NG-sequencing will make it possible to screen 
much larger populations than the 768 accessions analyzed in this study. The vast genetic variation in the 
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natural poplar germplasm [12], ensures that increasing the sample size will not saturate the allele 
discovery. The full exploitation of the strategy will involve the collection of thousands of unrelated 
individuals and their arrangement into appropriately organized pools to maximize the likelihood of 
detecting the desired mutations while minimizing the sequencing effort. The germplasm collection may 
become permanently shared resources to exploit the strategy for different sets of genes and for 
different traits. As sequencing costs decrease, resequencing complete genomes of thousands of 
individuals will become possible, reducing the search for promising parental genotypes to a mere 
bioinformatic search for the desired mutants. 
In summary, we introduce BRDA as a new tool for breeding based on the capture of rare defective alleles 
from wild germplasm. BRDA can be widely used in species for which large and genetically diverse natural 
provenances still exist. The fact that rare natural alleles can now be identified by NG sequencing 
increases the economic value of genetic diversity and will hopefully help in its protection. 
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MATERIALS AND METHODS 
Substrates and products 
Chemicals were purchased from Sigma-Aldrich unless otherwise stated. All solvents used for mass 
spectrometry were ULC/MS grade (Biosolve, Valkenswaard, The Netherlands) and water was produced 
by a DirectQ-UV water purification system (Millipore S.A.S, Molsheim, France). 
 
Plant material 
All Black poplar (Populus nigra L.) trees described in this paper were derived from a population of 768 
trees collected from natural provenances in Europe and grown in a common garden at the INRA station 
in Orleans, France [4]. Dormant woody cuttings of ~20 cm, derived from field-grown trees, were planted 
in the glasshouse (photoperiod, 16 h : 8 h, light : dark ; 23-25°C) in pots (Ø 22 cm, height 21 cm; three 
cuttings for each genotype per pot). After rooting, plants were transferred to individual pots. The 
following genotypes were grown for analysis: one P. nigra homozygous for the PnHCT1-Δ73 allele (clone 
71030-501; also designated Δ73/Δ73), six P. nigra genotypes heterozygous for the PnHCT1-Δ73 allele 
(genotypes SPM45, BSL39, VDL47, BSL01, RHN23, and PGS06; also designated Δ73/+), and 10 P. nigra 
genotypes without the PnHCT1-Δ73 allele (BSL28, BSL37, VDL29, VDL34, SPM37, BSL12, VDL06, LOW17, 
SPM26, and SPM57; for convenience called ‘wild-type’ clones or +/+ throughout the text). 
 
Phenolic profiling 
Two-month-old stems, grown from the dormant cuttings in the glasshouse, were harvested and a 15 cm 
piece of the base of the debarked stem was snap frozen in liquid nitrogen. Outer xylem was scraped with 
a scalpel, ground in liquid nitrogen and extracted with 1 ml methanol. Depending on the initial weight of 
the scraped tissue, a fraction of the methanol extract corresponding to 53.4 mg scraped tissue was 
subjected to solid phase extraction (SPE). After SPE extraction, the lyophilized pellet was dissolved in 50 
µl water. An 8 µl aliquot was subjected to LC-MS and LC-MS/MS performed on a Waters Acquity UPLC 
system (Waters Corp., Milford, MA, USA) connected to a Synapt HDMS Q-TOF mass spectrometer 
(Micromass, Manchester, UK). Chromatographic separation was on an Acquity BEH C18 column (2.1 mm 
x 150 mm, 1.7 µm) (Waters Corp., Milford, MA, USA) using a gradient elution. Mobile phases were 
composed of (A) water containing 1% acetonitrile and 0.1% formic acid and (B) acetonitrile containing 
1% water and 0.1% formic acid. Column temperature was maintained at 40°C and the autosampler 
temperature at 10°C. A flow rate of 350 µl min-1 was applied during the gradient elution initializing at 
time 0 min 5% (B), time 30 min 50% (B), time 33 min 100% (B). The eluent was directed to the mass 
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spectrometer equipped with an electrospray ionization source and lockspray interface for accurate mass 
measurement. MS source parameters were as follows: capillary voltage 1.5 kV, sampling cone 40 V, 
extraction cone 4 V, source temperature 120°C, desolvation temperature 350°C, cone gas flow 50 l h-1, 
desolvation gas 550 l h-1. The collision energy for the trap and transfer cell were set at 6 and 4 V, 
respectively. For data acquisition the dynamic range enhancement mode was activated. Full scan data 
was recorded in negative centroid V-mode, the mass range was set between m/z 100-1000 with a scan 
speed of 0.2 s scan-1 using Masslynx software (Waters Corp., Milford, MA, USA). Leu-enkephalin (400 pg 
µl-1 dissolved in water/acetonitrile, (1:1, v:v) acidified with 0.1% formic acid) was used for the lock mass 
calibration by scanning every 10 s with a scan time of 0.5 s, 3 scans were averaged. For MS/MS purposes, 
the same settings were applied, except the trap collision energy was ramped from 10 to 45 V. Data 
interpretations and lignin sequencing were performed as previously reported [52-53]. PCA and S-plots 
were generated via Masslynx 4.1. 
 
Lignin analyses 
Chemical characterization of the cell wall was performed on dormant woody cuttings harvested from 
one-year-old stems of field-grown trees. The dormant cuttings were debarked and the wood was 
fragmented into circa 1 cm pieces which were ground using an IKA T25 digital Ultra-Turrax disperser. The 
material was subsequently sieved (0.5 mm mesh) to obtain a pool of homogeneous starting material. 
Subsamples of 5 mg were transferred to 2 ml-vials and subjected to sequential extractions, each time for 
30 min, at near-boiling temperatures in water (98°C), ethanol (76°C), chloroform (59°C), and acetone 
(54°C). The remaining cell wall residue was dried under vacuum and weighed again. Lignin was quantified 
according to the acetyl bromide method [37], optimized for small plant quantities. Briefly, the dried cell 
wall was dissolved in 100 µl freshly made 25% acetyl bromide in glacial acetic acid and 4 µl 60% 
perchloric acid. The solution was incubated in a Eppendorf thermomixer for 30 min at 70°C while shaking 
(850 rpm) and subsequently centrifuged at 14000 g for 15 min. Sodium hydroxide (2 M, 200 µl) and 500 
µl glacial acetic acid were added to the supernatant, whereas the pellet was washed with 500 µl glacial 
acetic acid followed by centrifugation as above. Both the supernatant and the acetic acid washing-phase 
were combined and the volume was adjusted to 2 ml with glacial acetic acid. After incubating the 
mixture for 20 min at room temperature, absorbance was measured at 280 nm using a NanoDrop ND-
1000 spectrophotometer (NanoDrop, Technologies Inc). The lignin-concentrations were calculated using 
the law of Bouguer-Lambert-Beer (A = ε x l x c with ε = 20.09 l g-1 cm-1 [38] and l = 0.1 cm). The lignin 
monomeric composition (H/G/S) was investigated with thioacidolysis as previously described [39]. The 
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lignin-derived compounds were identified via GC-MS by their trimethylsilane derivatives. The 
quantitative evaluation was carried out based on the specific prominent ions for each compound using 
the response factors to tetracosane of 0.42 (H), 0.47 (G), and 0.53 (S) noted previously [54]. The masses 
of the target ions and specific qualifiers to identify the H, G, and S units were as follows: H 239/205/179; 
G 269/235/209/418 and S 299/265/239/448. Statistics were done in R using the 2.15.nlme library and a 
mixed model with genotype and individuals as explanatory and random factor. 
 
Whole cell wall NMR 
NMR was performed on the same wood samples that were used for lignin analysis. Gel-state samples 
were prepared as previously described [40,41]. Briefly, dried poplar stem material was pre-ground for 1 
min in a Retsch MM400 mixer mill at 30 Hz, using zirconium dioxide (ZrO2) vessels (10 ml) containing 
ZrO2 ball bearings (2 × 10 mm). The pre-ground cell walls were extracted with distilled water 
(ultrasonication, 1 h, three times) and 80% ethanol (ultrasonication, 1 h, three times). Isolated cell walls 
were dried, then ball-milled using a Retsch PM100 planetary ball mill at 600 rpm, using zirconium dioxide 
(ZrO2) vessels (50 ml) containing ZrO2 ball bearings (10 × 10 mm). Each sample (100 mg) was ground for 
25 min (interval: 5 min, break: 5 min, to avoid sample heating). The ball-milled cell walls were collected 
directly into the NMR tubes and gels formed using DMSO-d6/pyridine-d5 (4:1). NMR experiments for the 
whole-plant-cell-wall gel-state samples were also performed as previously described [40,41]. NMR 
spectra were acquired on a Bruker Biospin (Billerica, MA) Avance 500 MHz spectrometer fitted with a 
cryogenically-cooled 5-mm TCI gradient probe with inverse geometry (proton coils closest to the 
sample). The central DMSO solvent peak was used as internal reference (δC 39.5, δH 2.49 ppm). The 13C–
1H correlation experiment was an adiabatic HSQC experiment (Bruker standard pulse sequence 
‘hsqcetgpsisp.2’; phase-sensitive gradient-edited-2D HSQC using adiabatic pulses for inversion and 
refocusing [55]. HSQC experiments were carried out using the following parameters: acquired from 10 to 
0 ppm in F2 (1H) with 1000 data points (acquisition time 100 ms), 200 to 0 ppm in F1 (13C) with 400 
increments (F1 ‘acquisition time’ 8 ms) of 72 scans with a 500 ms interscan delay; the d24 delay was set 
to 0.89 ms (1/8J, J = 145 Hz). The total acquisition time was 5 h. Processing used typical matched 
Gaussian apodization (GB = 0.001, LB = -0.1) in F2 and squared cosine-bell and one level of linear 
prediction (32 coefficients) in F1. Volume integration of contours in HSQC plots used Bruker’s TopSpin 
3.1 (Mac version) software. 
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Heterologous expression 
The coding sequence of PnHCT1 (1302 nt) was synthesized by GenScript (Piscataway, NJ, USA) and the 
truncated sequence (nt 1-1083) was generated by PCR using the synthesized coding sequence as 
template. In an alternative approach, a premature stop codon was inserted in the full length CDS using 
PCR based site-directed mutagenesis. The 4CL4 gene of A. thaliana (At3g21230) was ordered from TAIR 
as a gateway-compatible ORF clone (G21871). Later it turned out to miss part of its 5΄-end and the 
truncated sequence was adjusted by PCR. 
Gateway AttB recombination sites were incorporated into all clones by a subsequent PCR. All polymerase 
reactions were performed with iProof high fidelity polymerase (BioRad). Final PCR products were 
inserted into the pDONR221 vector using the Gateway cloning strategy (Invitrogen), and the obtained BP 
reaction mixture was used to transform DH5α E. coli cells. Transformed cells were selected on LB plates 
supplemented with kanamycin (50 mg l-1) and the presence of the insert was confirmed by colony PCR. 
All selected-entry clones were sequenced before being used in LR reactions during which the insert was 
transferred towards the appropriate destination vectors (423GAL-ccdB and 425GAL-ccdB; Addgene 
plasmids 14149 and 14153, respectively [42]) to create yeast expression vectors. The LR reaction mixture 
was used to transform DH5α cells which were selected on LB plates supplemented with carbenicillin (100 
mg l-1). Positive clones were confirmed by PCR and plasmids were extracted by mini-prep. 
Transformation of S. cerevisia strain BY4742 was performed by the lithium acetate/polyethylene glycol 
method. Yeast cells transformed with the recombinant vector for 4CL4 (425GAL-4CL4) but empty vector 
for HCT (423GAL-ccdB) were used as negative control. Transformants were selected on dropout (DO) 
medium containing 26.7 g l-1 minimal synthetic defined SD medium with the appropriate DO supplement 
(Clontech, France). 
 
RT-PCR 
Recombinant yeast cultures were produced and gene expression was induced as described above. After 
six hours of induction, cells were harvest by centrifugation (1700 g, 1 min) and total RNA was extracted 
using RNeasy® Mini Kit (Qiagen), according to manufacturer’s instructions. One μg of total RNA was 
treated with RQ1 RNase-free DNase (Promega) and used as a template for the cDNA synthesis using 
iScript™ cDNA Synthesis Kit. RT-PCR was performed to check the expression of both HCT and 4CL4, using 
the following primers: HCT_F, HCT_R, 4CL4_F, and 4CL4_R. The cycling conditions were: 95°C for 3 min, 
35 cycles of 95°C for 30 sec, 55°C for 30 sec, and 72°C for 1 min, and a final extension of 72°C for 5 min, 
and the expected amplicon length was 246 bp for HCT and 517 bp for 4CL4. 
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Enzyme assay 
Five individual recombinant yeast colonies were combined and grown overnight in one 5 ml liquid DO 
medium containing glucose at 30°C with shaking. Cells were harvested and washed with deionized water 
before inoculation of 15 ml DO medium containing galactose to induce 4CL4 and HCT transcription. The 
amount of inoculum was calculated to reach an OD600 of 0.1 after inoculation. Subsequently, the yeast 
cultures were grown at 30°C with shaking for 16 h. Feeding with specific compounds was by adding 150 
μl from a 100 mM stock solution (1 mM final concentration) of the appropriate compound. The cultures 
were incubated at 30°C with shaking, and samples for metabolite profiling were harvested 24 and 48 h 
after feeding (sample volume = 1.5 ml) and lyophilized. The pellet was resuspended in 1 ml 90% 
methanol and incubated in an Eppendorf thermomixer at 70°C for 10 min while shaking (750 rpm). After 
centrifugation at 20000 g for 5 min, 900 μl supernatant was transferred to a 2 ml Eppendorf tube and 
lyophilized. The pellet was treated with 100 μl water and 100 μl cyclohexane. After 10 min of 
centrifugation (20000 g), 80 μl of the aqueous phase was retained for analysis. For reversed phase LC, 10 
μl of the aqueous face was subjected to LC-MS and LC-MS2 on a Waters Acquity UPLC system (Waters 
Corp., Milford, MA, USA) connected to a Thermo LTQ XL mass spectrometer (Thermo scientific, 
Waltham, MA, USA). Chromatographic separation was done as for phenolic profiling. The eluent was 
directed to the mass spectrometer, via electrospray ionization (ESI) in negative mode. MS source 
parameters were as follows: capillary temperature 300 °C, capillary voltage –24 V, source voltage 3.5 V, 
source current 100 μA, sheath gas flow 30, aux gas flow 20, sweep gas flow 5. The mass range was set 
between m/z 95-500. The reaction products were characterized based on their masses, retention times, 
and fragmentation spectra. 
 
cDNA synthesis and qPCR 
Ten cm stem sections, obtained 1 m from the apex of six-month-old glasshouse-grown poplars were 
harvested, debarked and snap frozen in liquid nitrogen. Xylem was scraped from debarked and liquid 
nitrogen-frozen stem sections and further ground in liquid nitrogen. RNA was extracted by Trizol 
(Invitrogen) and resuspended in 40 μl RNase free water. RNA concentration and 260/280 ratios were 
determined with a NanoDrop® ND-1000 spectrophotometer (NanoDrop, Technologies Inc). One μl was 
checked for degradation on a 2% 0.5x TAE agarose gel. cDNA was synthesized from 1 μg total RNA with 
the Iscript cDNA synthesis kit of BioRad. Pipetting for quantitative PCR was performed with the Janus 
Automated Workstation (PerkinElmer) using the LightCycler 480 SYBR Green I Master mix (Roche). 
Quantitative PCR (qPCR) reactions were performed with the LightCycler 480 (Roche) using following 
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conditions: pre-incubation at 95°C for 10 min, 45 cycles of 95°C for 10 s, 60°C for 15 s and 72°C for 15 s. 
The gene-specific primers were based on the primers described previously [9] with minor modifications 
according to available sequence information for P. nigra HCT genes. 18S-rRNA was chosen as a house-
keeping gene in order to compare data from different cDNA samples. The sequence of each primer is 
given in Supplementary Table 7.3. 
 
Introduction of the mutation in different genetic backgrounds 
To obtain a full-sib P. nigra population that segregates for the recessive phenotype caused by the Δ73 
allele, the male P. nigra clone 71030-501 homozygous for Δ73 was crossed with two female trees 
heterozygous for the Δ73 allele (71104 and SPM12, named families EP11F1 and EP11F2, respectively). 
Male and female flowering branches were collected in February from the original copies of the three 
parental clones at their sites of origin in France. The branches were stored at 2°C until being used within 
one to two weeks after collection. Male scions from 71070-501 were placed in 2-liter bottles filled with 
water in individual pollen forcing chambers. Pollen was collected, sieved to clean it of debris and dried in 
small vials over Drierite® in capped jars. Pollen, tested for viability through an in vitro germination test, 
was rehydrated for two to three hours before use by dispensing the pollen into a 50 × 15 mm Pyrex® 
petri dish and placing it inside a 90 × 50 mm petri dish, adding circa 1 ml of water to the larger dish, and 
covering the dish to slowly raise the internal relative humidity and allow the pollen to gradually 
rehydrate. Female floral branches were established for rooting in large plastic boxes filled with fresh 
water that was daily changed. The boxes were placed in polyethylene enclosures before floral expansion. 
Flower development was checked every day. At full flower expansion, while stigmas were exposed, 
pollen from 71030-501 was dusted on female flowers using brushes. Pollination of ten to twelve catkins 
per cross was repeated twice at two day intervals as needed to catch all stigmas in a receptive condition. 
At the onset of capsule dehiscence/seed-shed, cotton from individual crosses was collected, checked for 
presence/absence of seeds and stored in the fridge at 7°C. The contents of the capsules from a single 
cross were treated individually to extract seeds from cotton. For EP11F1 and EP11F2 families, 
respectively 350 and 115 seeds were sown in individual containers filled with 20% sand, 40% peat, and 
40% ground bark. They were maintained the first three weeks in a glasshouse under mist before being 
transferred outside where they were irrigated by aspersion until the end of the growing season. 
Forty-three progenies were obtained from EP11F2 and 115 from EP11F1 and fresh leaves were sampled 
for genotyping by Sanger sequencing of the HCT locus. Fifty cm tall trees were debarked and the wood 
lignin analyzed by thioacidolysis as described above. 
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HCT1 activity assays 
For each of the two available families (EP11F2 and EP11F1), twenty trees were selected of which 10 were 
heterozygous for the Δ73 allele, and 10 were homozygous for the defective allele. Xylem tissue was 
scraped from fifteen cm debarked frozen stem sections harvested above the first node above the soil of 
1 m tall stems. The scraped xylem was further ground in liquid nitrogen with a mortar and pestle and the 
powder was extracted on ice for 1 h with 20 mM Tris-HCl buffer, pH 7.5, containing 10 mM DTT, 1% 
polyvinylpolypyrrolidone (PVPP), 15% glycerol and 1x cOmplete Mini Protease Inhibitor Cocktail (Roche). 
After centrifugation at 4°C for 10 min at 20000 g, the total soluble protein concentration was measured 
in the supernatant by the Bradford method [43]. The reaction mixture contained 20 mM Tris-HCl buffer, 
pH 7.5, 1 mM DTT, 100 μM p-coumaroyl-CoA (or 50 μM p-coumaroyl-CoA and 50 μM caffeoyl-CoA), 100 
μM shikimic acid and 10 μg xylem proteins in a total volume of 50 μl. Samples were incubated at 30°C for 
30 min and terminated by boiling for 5 min. Reaction products were directly analyzed through LC-MS as 
described above. 
 
NG sequencing and bioinformatics 
HCT gene sequences of P. trichocarpa were obtained from JGI v1.1 [44] and Phytozome v2.2. The 
corresponding P.nigra sequences were obtained through NG sequencing of four P. nigra individuals 
(total coverage >100x). Paired-end sequencing libraries were constructed with an insert size of circa 500 
bp. Library preparation and sequencing followed manufacturer’s instructions (Illumina, 
http://www.illumina.com). This allowed obtaining complete P. nigra specific sequences for all genes of 
the HCT gene family, with the exception of HCT3 and HCT4, which were only partially covered. The 
coding portion of the HCT genes was determined based on information available on JGI and Phytozome 
and compared with results obtained by the gene prediction software genemark [45]. Obtained candidate 
sequences were manually corrected using ClustalW sequence alignments in BioEdit v7.1.3 [46]. Tissue-
specific expression profiles of the different HCT genes were obtained from eFP browser [47] and 
PopGenIE [48]. 
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Supplementary Figure 7.1: Whole cell wall NMR: aromatic region. Partial short-range 2D 13C–1H (HSQC) correlation NMR spectra 
of lignin isolated from two biological replicates of P. nigra 73010-501 (Δ73/Δ73) (a-b), and four +/+ control genotypes (VDL06, 
BSL37, VDL29, and LOW17) (c-f). Semi quantitative volume integrations are given. Correlation peaks are colored the same as 
their assigned structures (although the H3/5 and PB3/5 correlations overlap with G correlations and are only indicated); H = p-
hydroxyphenyl, G = guaiacyl, S = syringyl units; PB = p-hydroxybenzoate unit acylating lignin side chains; correlations from 
cinnamyl alcohol (X1) and cinnamaldehyde (X2) endgroups are also in this region and are assigned/colored.  
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Supplementary Figure 7.2: Whole cell wall NMR: side chain and polysaccharide region. Partial short-range 2D 13C–1H (HSQC) 
correlation NMR spectra of cell walls isolated from two biological replicates of P. nigra 73010-501 (Δ73/Δ73) (a-b), and four +/+ 
control genotypes (VDL06, BSL37, VDL29, and LOW17) (c-f). Correlation peaks are colored the same as their assigned structures. 
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Supplementary Figure 7.3: 3D surface diagram of P. nigra HCT1. Overall structure of PnHCT1 as predicted by homology 
modeling with Swiss-Model [49] using the acyltransferase vinorine synthase of Rauvolfia serpentine (PDB 2BGH; [50]) as 
template. The obtained PDB coordinates were visualized and analyzed with PDB-viewer [51] and rendered with POV-Ray 
(http://www.povray.org). The model reveals an elongated active site cavity that runs through the protein. His153 of the 
conserved HXXXD-motif in the active site cavity is labeled. PnHCT1-Δ73 is indicated in yellow. The truncated C-terminal end is 
depicted in green. Left: front view; right: top view. 
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Supplementary Figure 7.4: BRDA: Breeding with Rare Defective Alleles. (1) Defective alleles are identified in natural populations 
(containing typically several thousands of individuals) by next generation EcoTILLING and carriers of defective alleles are 
selected. Each of the selected individuals holds the defective allele, a, in a different genetic background. (2) The recessive effect 
conferred by the defective allele is validated by crossing carriers and phenotyping the progenies. (3) Defective allele carriers 
selected from the natural populations are introduced into the breeding population. (4) Specific crosses are made to recombine 
the defective allele carriers from the natural populations with elite parents in order to increase the frequency of the defective 
allele in the breeding population. Selection of recombinants heterozygous for the defective allele is done through genotyping. 
(5) As defective alleles are recessive, the phenotype of interest is only observed in homozygous genotypes, which are obtained 
by crossing heterozygous recessive individuals from the new breeding population. Selection of homozygotes for the recessive 
allele is done through genotyping. (6) The further evaluation of the homozygous recombinants for other traits of interest is done 
by classical field evaluation. (7) Elite clones are selected based on phenotypic index for all traits of interest and can be massively 
propagated for commercial use. In this simplified scheme the assumption was made that the defective allele was not yet 
present in the breeding pool. – can be any other non-defective allele from the wild-type germplasm. 
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Supplementary Table 7.1: Compounds accumulating or reduced in abundance in clone 71030-501 (Δ73/Δ73) compared to 
Δ73/+ and +/+ plants. 
 
For this extended list of compounds, I refer to the paper describing the results in this chapter: Breeding with rare defective 
alleles: A natural Populus nigra HCT mutant with modified lignin as a case study. New Phytologist (2013) 198:765-776 
 
 
Supplementary Table 7.2: NMR-derived p-hydroxyphenyl:guaiacyl:syringyl (H/G/S) and interunit linkage data for wood lignins. 
Data were obtained by whole cell wall analysis. LA-H/G, β–O–4 (β-aryl ether) connected to H/G units; LA-S, β–O–4 (β-aryl ether) 
connected to S units; LB, β–5 (phenylcoumaran); LC, β–β (resinol). * %PB is the percentage of the p-hydroxybenzoate on a lignin 
(S+G+H) basis. See Supplementary Fig. 7.1-7.2 for structures. 
 
Sample %H %G %S S/G %PB* %LA-H/G %LA-S %LB %LC %LX1 
+/+ (LOW17) 0.3 48.3 51.4 1.06 1.3 25.55 43.96 6.04 10.96 13.49 
+/+ (BSL37) 0.2 43.3 56.4 1.30 3.5 21.82 49.95 5.45 11.11 12.17 
+/+ (VDL06) 0.5 44.6 55.0 1.23 7.5 25.73 49.20 5.70 8.88 10.50 
+/+ (VDL29) 0.2 41.8 58.0 1.39 4.6 21.29 51.40 4.06 10.20 13.04 
Δ73/Δ73 Rep-1 8.6 30.0 61.3 2.04 5.4 20.88 56.82 2.67 10.87 8.75 
Δ73/Δ73 Rep-2 7.6 31.8 60.6 1.9 6.9 19.78 55.96 3.09 10.18 10.99 
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Supplementary Table 7.3: List of primers used in this study. qPCR primers for the different members of the HCT family were 
based on the primers described by Shi et al. [9]. 
name sequence Gene/orientation 
WB135 ATCAGCATGTAAGGCACGCGG      PnHCT1 FW-1   
WB136 TGCCAAAGTAACCAGGTGGAAGCGT PnHCT1 RP-1   
WB137 GATGATGGCCGCATCGAGATCG PnHCT1 FW-2   
WB138 GGGTGCAAAATCACCAAAATCAGCAAC PnHCT1 RP-2   
WB139 CCGGAACAACTTGGCAGCTTGAAA PnHCT2 FW-1    
WB140 GTGCCTTACACATGGAACGCCAAA PnHCT2 RP-1   
WB141 ATTGAACCCTCAATTGCCACCAGG PnHCT2 FW-2   
WB142 ATCCTCTCCATTGTGCGGGCTAAT PnHCT2 RP-2   
WB143 CAAAATATCATGTCCCTTTGCTGTTCA PnHCT3 FW-1   
WB144 TCCCAGCTACAGGATAAAATGACTCA PnHCT3 RP-1   
WB145 TGTAATGGAGAAGGGGTGTTATTCG PnHCT3 FW-2   
WB146 TGGGCTTGAAACCAACAAAGTCA PnHCT3 RP-2   
WB147 CAAAATATCATGTCCCTTTGCTGTACC PnHCT4 FW-1   
WB148 TCCCAGCTACAGGATAAAATGACACG PnHCT4 RP-1   
WB149 TGTAACGGAGAAGGGGTTTTATTCA PnHCT4 FW-2   
WB150 GCTGGGCTTGAAATCAACAAAGTCT PnHCT4 RP-2   
WB151 TCAAAGCCATTGGTGGATACCATAG PnHCT5 FW-1   
WB152 CTCGCTTCAAAGCTTCTAAATCAGC PnHCT5 RP-1   
WB153 GCAAGGCACGTGGAATCACG PnHCT5 FW-2   
WB154 CGCCTGATAAACCTAAAATTGCTGT PnHCT5 RP-2   
WB155 AGATCAACATGCAAAGCACGTGA PnHCT6 FW-1   
WB156 GCCAAAGTAACCAGGAGGGAGTTG PnHCT6 RP-1   
WB157 GATGAGGATGGTCGCATTGAAATTA PnHCT6 FW-2   
WB158 GGGTGCAAAATCAGCAAAATCATCTAT PnHCT6 RP-2   
WB159 TCAAAGCCATTGGTGCATACCATAG PnHCT7 FW-1   
WB160 CCTCGCTTCAAAGCTTCTATGTTAGG PnHCT7 RP-1   
WB161 GCAAGGCACGTGGAATCTCG PnHCT7 FW-2   
WB162 CGCCTGATAAACCTAAAACTGCTGT PnHCT7 RP-2   
WB163 CGAAGACGATCAGATACCGTCCTA 18S-rRNA FW 
WB164 TTTCTCATAAGGTGCTGGCGGAGT 18S-rRNA RV 
WB182 AAAAAGCAGGCTTCACCATGATAATCAATGTGAAGG PnHCT1-attB1 
WB183 AGAAAGCTGGGTGTCATTCTTTAATGTCATA PnHCT1-attB2 
WB184 ATACTTTCCGGTGACCAAATCTTGG DPnHCT1-attB1 
WB185 CAAGATTTGGTCACCGGAAAGTATGG DPnHCT1-attB2 
HCT_F ATACTTTCCGGTGACCAAATCTTGG PnHCT1 FW 
HCT_R AGAAAGCTGGGTGTCATTCTTTAATGTCATA PnHCT1 RV 
4CL4_F AAAAAGCAGGCTTCACCATGGTGCTCCAACAACAAAC At-4CL4 FW 
4CL4_R CCGTCGTTTTTGAGGTTTGT At-4CL4 RV 
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Chapter 8              
 
 
 
 
 
 
 
 
 
Conclusions and 
perspectives 
  
 
 
 
 
 
 
“For every fact there is an infinity of hypotheses.” 
(Robert M. Pirsig, 1928 - …) 
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Background picture is taken from http://besttravelphotos.me/2012/11/01/tree-car-fort-bragg-north-
carolina/ 
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CONCLUSIONS 
Since the industrial revolution, mankind has exploited fossil energy sources in industry and for transport. 
The depletion of petroleum reserves, geopolitical tension, and climate change have increased the need 
for alternative and sustainable energy sources. One of the potential alternatives, besides solar radiation 
and wind, is lignocellulosic biomass of which the sugar fraction in the secondary cell wall (cellulose and 
hemicelluloses) can be used for the production of liquid biofuels, such as bioethanol. However, the 
enzymatic processing of plant biomass into fermentable sugars, called saccharification, is hampered by 
the complexity of the secondary cell wall structure and the presence of lignin. 
 
Lignin is not the only factor determining cell wall recalcitrance 
Arabidopsis thaliana can be used as a model system to perform systems biology approaches. By studying 
the consequences of mutating 10 different genes of the phenylpropanoid and monolignol biosynthetic 
pathways in Arabidopsis, our knowledge regarding lignin biosynthesis and the interaction lignin – cell 
wall polysaccharides could be improved. Mutating consecutive steps in the lignin biosynthetic pathway 
did not always result in a reduced lignin content. Although lignin is known as the load-bearing polymer in 
the secondary cell wall, most lignin mutants had no obvious morphological phenotype, even those 
mutants with a reduced lignin content. For example, the 4cl1 mutants maintained a normal growth with 
26% reduced lignin levels and even the c4h-3 mutant with a lignin content of only 64% of that of the 
wild-type grew normally under our growth conditions. In addition to the lignin content also its 
composition was determined. We found a clear distinction between mutants in the general 
phenylpropanoid pathway (C4H, 4CL1, and CCoAOMT1 with a decrease in S/G) and the monolignol-
specific pathway (from CCR1 through CAD6 with a decrease in S/G). Mutants in CCR1 also displayed an 
increased amount of H units. An incomplete monolignol biosynthesis often resulted in the incorporation 
of nonconventional compounds such as 5-OH-G, ferulic acid derived units, and S aldehyde units. 
However, these compounds are specific for COMT, CCR, and CAD mutants, respectively, and do not occur 
at high levels in the other lignin mutants analyzed. Besides lignin also the cell wall polysaccharides were 
analyzed for this set of Arabidopsis lignin mutants. The cellulose content was never increased but instead 
it was decreased for mutants deficient in the monolignol-specific pathway, from CCR1 through COMT. 
The amount of matrix polysaccharides was increased for mutants in the pathway from C4H through 
CCR1. Based on these observations, we could suggest that, although in poplar a reduction in lignin is 
often compensated for by an increase in cellulose, in this set of Arabidopsis lignin mutants, this is not the 
case and that the reduction in lignin is rather compensated for by an increase in matrix polysaccharides. 
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In addition, this systematic side-by-side comparison of the 20 lignin mutants allowed us to determine 
which cell wall factors contribute to cell wall recalcitrance for saccharification purposes and hence 
bioethanol production. The mutants c4h-2, ccr1-3, and ccr1-6, with the largest reduction in lignin 
content, had the highest saccharification yields and an almost complete cellulose conversion, that 
resulted in a disintegration of the stem structure. Based on the saccharification and cell wall composition 
data, we could establish statistical models that describe the saccharification yield as a function of the 
different cell wall parameters. The models indicated that lignin content was the main factor determining 
saccharification yield. However, also other cell wall parameters such as xylose and galactose content 
played a role in saccharification. For example, a 10% increase in saccharification yield with acid 
pretreatment could be achieved by a lignin reduction of 9.9%, increasing galactose content by 8.5%, or 
decreasing the xylose content by 9.5%. Surprisingly, cellulose content played no role for saccharification 
yield, at least under our experimental conditions. However, only 70% and 71% of the variation in 
saccharification yield without and with acid pretreatment, respectively, could be explained by our 
saccharification models, indicating that factors other than the ones examined here might still play a role 
in cell wall recalcitrance. These results contribute to a better understanding of the effect of lignin 
perturbations on plant cell wall composition and its influence on saccharification yield, and provide new 
targets for genetic improvement, such as the biosynthesis of arabinogalactan, mannans, or xyloglucans 
to increase the galactose content. 
 
Field-grown lignin-deficient poplars are potential substrates for bioethanol production 
Many publications demonstrated the influence of lignin on saccharification yield in greenhouse-grown 
plants. Here, we showed that reducing lignin content by downregulating CCR in greenhouse-grown 
poplars also resulted in an increased saccharification yield. The reduced lignin content was restricted to 
red colored parts of the xylem, a phenomenon typical for CCR-downregulation that is visible upon 
debarking. Saccharification assays of these red colored xylem yielded twice the amount of glucose as 
compared to white colored xylem of the same transgenic tree and wild-type xylem. However, 
transferring data from the greenhouse to conditions closer related to industrial exploitation requires 
testing in field trials. Therefore the potential use of lignin-deficient poplars as feedstocks for second 
generation biofuel production was examined by analyzing CCR-deficient poplars, grown in two 
independent field trials. In both field trials, a big variability in the level of downregulation in individual 
trunk parts was observed. Based on the visible red phenotype, the CCR-deficient poplars were classified 
into highly and less downregulated samples. In agreement with the greenhouse data, the most red trees 
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had the highest saccharification yields under different saccharification treatments, up to a 139% 
improvement in saccharification yield for FAS13 when no pretreatment is included. The increased 
saccharification yield also resulted in an increased ethanol production, up to a 161% increase for FAS13 
compared to wild-type poplars.  
In addition to the red coloration, the abundance of ferulic acid-derived compounds was determined as 
these are a better indicator for the degree of CCR-downregulation. We were able to demonstrate a linear 
relation between the abundance of ferulic acid-derived compounds, and hence the degree of CCR-
downregulation, and saccharification yield. Surprisingly, when analyzing the cell wall composition of the 
completely red colored trees, and hence most downregulated in CCR, the lignin content was not reduced 
compared to wild-type trees, nor was the cellulose or hemicelluloses content altered, except for FAS13. 
However, the increases in saccharification and ethanol yield should be interpreted with care because the 
most downregulated trees suffere a yield penalty. However, trees from the Belgian field trial that were 
classified in redness class 4 (75-100% of the surface was colored red) did not showed a yield penalty but 
also had significantly improved saccharification yield under different treatment conditions. In addition, 
the previous described data were obtained from basal debarked stem parts. For industrial applications, 
complete trees, including bark, will be used for biofuel production. Therefore, the influence of including 
the bark on saccharification yield was investigated. Compared to stem material only, a mixture of stem 
and bark resulted in lower saccharification yields, but the improvement in saccharification for the 
transgenic lines compared to wild-type was maintained. In a final step, the entire field of CCR-transgenics 
was saccharified and fermented, resulting in an approximately 20% increase in ethanol compared to 
wild-type poplar fermentations. Although still significant, this improvement is much less compared to the 
161% increase in ethanol production for red colored basal stem parts of FAS13. This strong reduction in 
improvement could be explained by the inclusion of less downregulated trees, apical parts of the stem, 
and the presence of the bark. 
In our analyses, saccharification and ethanol yields are determined starting for the same amount of 
material for transgenic trees and wild-type. However, the CCR-downregulated lines produce less biomass 
per hectare than wild-type. If this yield penalty would be taken into account, the transgenic lines would 
not have an improved saccharification yield anymore. Nevertheless, these lignin-deficient trees are still 
good potential substrates because they can eliminate the need for pretreatments and hence reduce the 
production costs for biofuel production. We can conclude that CCR-downregulation may be a successful 
strategy for bioethanol production if it can be stabilized and targeted to fibers only to avoid the 
accompanying growth penalty. 
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Kraft pulping studies showed that lignin from CAD-deficient plants is easier to extract with alkali. 
Therefore CAD-deficient poplars could also be a good substrate for bioethanol production. We tested 
this hypothesis on field-grown CAD-deficient poplars by analyzing the saccharification yield under 
different treatments. An increased saccharification yield of 45% compared to wild-type poplar could be 
obtained with an alkali pretreatment and this without an affected growth. In theory, this increased 
saccharification yield would also lead to an increased ethanol production, although this has to be 
confirmed experimentally. 
 
Natural populations can be exploited in addition to genetic engineering 
In addition to genetic engineering approaches, next-generation sequencing can be used as an alternative 
to screen for defective alleles in natural populations. A naturally occurring poplar mutant in HCT was 
found. The mutant allele encoded a truncated protein and trees homozygous for this recessive allele had 
a modified lignin composition characterized by a 17-fold increase in p-hydroxyphenyl (H) units for 
dormant woody cuttings. For actively growing trees, the H content was 16-fold increased for the 
homozygous trees compared to wild-type. Despite these high increases, the H content only reached 7% 
in dormant wood and 4% in growing wood, mostly at the expense of G units. Total lignin content was not 
changed. Furthermore, crosses were made between the homozygous tree and two different 
heterozygous trees to generate additional trees homozygous and heterozygous for the mutant allele but 
with a more comparable genetic background. The lignin composition of these additional trees was 
comparable to that found for actively growing wood of the parental clones. In summary, we introduced 
Breeding with Rare Defective Alleles (BRDA) as a new tool for breeding based on the capture of rare 
defective alleles from wild germplasm. BRDA can be widely used in species for which large and 
genetically diverse natural provenances still exist.  
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PERSPECTIVES 
The saccharification analyses of Arabidopsis lignin mutants revealed that most lignin mutants had an 
improved saccharification yield, both without and with an acid pretreatment. However, it is generally 
known that reducing lignin content usually has a negative effect on growth. Hence, we have made 
crosses between lignin-deficient Arabidopsis mutants that had an improved saccharification yield, 
reduced lignin content, and/or altered lignin composition but no affected growth. Preliminary results of 
these lignin double mutants showed for most cell wall characteristics and saccharification yield an 
intermediate effect. Two crosses, c4h-3 x comt-4 and 4cl1-1 x comt-4, had saccharification yields that 
were even higher than those from the single mutants. However, these preliminary results should be 
critically judged because they result from only two biological replicates. Therefore, these results were 
not included in this dissertation, but it is definitely worth continuing this research. 
In addition to the existing and preliminary analyzed crosses, more crosses have been made and are 
confirmed to be homozygous. Also for these new crosses, cell wall and saccharification assays should be 
performed to investigate the potential use of stacking lignin genes in Arabidopsis. Positive results can 
then be used as an indicator for stacking genes in industrial relevant crops like poplar. 
The saccharification models from chapter 4 stated that besides lignin content and composition, also 
hemicelluloses content and its composition (galactose, xylose, and arabinose) influenced saccharification 
at some extent. Therefore, not only crosses between lignin mutants are interesting but also crosses 
between lignin mutants and mutants affected in hemicelluloses content and/or composition. In an ideal 
case, we should aim to generate plants with less lignin and more hemicelluloses that contain less xylose, 
more galactose, and more arabinose units, and this without any affected growth or development. 
Although we have demonstrated that the results in Arabidopsis can be transferred to commercial crops 
like poplar, grasses like miscanthus are also preferentially used for biofuel applications. However, there 
are some differences in cell wall composition between dicots and monocots, thus transferring data from 
Arabidopsis to grasses or other monocots should be considered with care. It is better to use the model 
system Brachypodium for comparable analyses. 
The Belgian field trial with CCR-transgenic poplars was first harvested in 2009. The saccharification and 
fermentation results illustrated the potential use of these transgenics for biofuel production, at least if 
downregulation can be stabilized and targeted to fibers only. The trunks sprout again and after 4 years of 
growth, the field trial was recently harvested in March 2013. The newly harvested CCR-downregulated 
trees will be used to analyze cell wall composition, saccharification, and ethanol yields. We hope to 
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demonstrate that the improved saccharification yield, and hence ethanol yield, is maintained over 
successive rotations.  
In addition to the harvest of the CCR-field trial, a second field trial with CAD-RNAi-downregulated poplars 
will be initiated. Regulatory permission has been requested in January 2013. CAD-deficient poplars have 
no reduced lignin content but an altered lignin composition with incorporation of aldehydes. 
Saccharification assays on CAD-deficient field-grown poplars showed an improved saccharification yield 
when alkali pretreatment was used. With this second field trial, stronger RNAi-downregulated transgenic 
lines will be analyzed for their saccharification yield to show the relation between the abundance of 
aldehydes in the lignin polymer and saccharification yield, similar to the CCR-field trial. In addition, the 
new field trial will provide sufficient biomass for pilot-plant scale fermentations.  
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                      Summary              
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“The opposite of a correct statement is a false statement. But the opposite of a 
profound truth may well be another profound truth.” 
(Niels Bohr, 1885-1962)
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SUMMARY 
Due to the depletion of fossil fuels, the need for renewable and sustainable alternatives is increasing. 
Second generation biofuels are generally produced from the polysaccharides in lignocellulosic plant 
biomass, mainly cellulose. The process in which cellulose is hydrolyzed into fermentable glucose is called 
saccharification. However, cellulose is embedded in a matrix of other polysaccharides and lignin which 
hampers saccharification. In this dissertation a threefold strategy was followed to increase our 
knowledge on the interaction cell wall – saccharification and the generation/use of lignin-deficient 
poplars for biofuel applications. 
 
To tailor plants for biofuel production, a powerful gene discovery program targeted to cell wall 
recalcitrance genes is needed. In parallel, a system is required that reveals the pleiotropic effects of gene 
modifications and that delivers the fundamental knowledge necessary for successful gene stacking. This 
can be pioneered through a systems biology approach in Arabidopsis.  
Although lignin is a key polymer providing the strength necessary for plant’s ability to grow upwards, a 
reduction in lignin content down to 64% of wild-type level in Arabidopsis was tolerated without any 
obvious growth penalty. In contrast to common perception, we found that a reduction in lignin was not 
compensated for by an increase in cellulose but rather by an increase in matrix polysaccharides. Most 
Arabidopsis lignin mutants had an improved saccharification yield with up to 88% cellulose conversion 
for ccr1 mutants in pretreatment conditions where wild-type cellulose conversion only reached 18%. The 
saccharification models and Pearson correlation matrix revealed that lignin content was the main factor 
determining saccharification yield. However, lignin composition, matrix polysaccharide content and its 
composition, and especially xylose and galactose content, also influenced the saccharification yield. 
Strikingly, cellulose content did not significantly affect saccharification yield.  
Our results contribute to a better understanding of the effect of lignin perturbations on plant cell wall 
composition and its influence on saccharification yield, and provide new targets for genetic 
improvement. We found that although lignin content had the main influence on saccharification yield, 
other cell wall factors can also be engineered to potentially increase cell wall processability, e.g., 
galactose content.  
 
Cinnamoyl-CoA reductase (CCR)- and cinnamyl alcohol dehydrogenase (CAD)-downregulated poplars 
were evaluated for their saccharification yield and potential use as feedstocks for biofuel production.  
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Cinnamoyl-CoA reductase (CCR) catalyses the penultimate step in monolignol biosynthesis. Poplars 
(Populus tremula X Populus alba) downregulated for CCR were grown in field trials in Belgium and France 
under short-rotation coppice culture. Wood samples were classified according to the expressivity of the 
red phenotype typically associated with CCR-downregulation. Saccharifications under four different 
treatments (untreated, two alkali, and one acid pretreatment), and simultaneous saccharification and 
fermentation assays showed that wood from the most affected transgenic trees increased ethanol yield 
up to 161%. Fermentations of a complete field of 20-months-old CCR-downregulated trees, including 
bark and less efficiently downregulated trees, still yielded approximately 20% more ethanol.  
The last step in monolignol biosynthesis is catalyzed by cinnamyl alcohol dehydrogenase (CAD). Field-
grown CAD-deficient poplars showed a 45% improved saccharification yield when alkali pretreatments 
were applied. The analyzed CAD-lines show however an intermediate degree of downregulation. 
Therefore, stronger downregulated lines, via RNAi, will be analyzed in a second field trial for which 
regulatory permission was requested. With this second field trial, we hope to illustrate a bigger effect on 
saccharification yield and hence bioethanol production.  
Field trial studies have shown that CCR-downregulation may become a successful strategy to improve 
biomass processing, as they illustrated an increased ethanol yield per hectare. Based on the improved 
saccharification yields, CAD-deficient poplars are also potentially good candidates to be used as 
feedstocks for biofuel production. 
 
In addition to genetic engineering approaches, the genetic diversity in poplar germplasm can be used as 
an alternative to identify rare defective alleles to initiate reverse genetics and accelerate tree breeding. 
Next-generation sequencing was able to reveal a natural Populus nigra mutant with a premature stop 
codon in the gene encoding p-hydroxycinnamoyl-CoA:shikimate/quinate p-hydroxycinnamoyl 
transferase1 (HCT1), an essential enzyme in lignin biosynthesis that converts p-coumaroyl-CoA into p-
coumaroyl shikimate. The lignin composition of P. nigra trees homozygous for the defective allele was 
compared with that of heterozygous trees and trees without the defective allele. The lignin was 
characterized by phenolic profiling, lignin oligomer sequencing, thioacidolysis, and NMR. The mutant 
allele, PnHCT1-Δ73, encodes a truncated protein and trees homozygous for this recessive allele have a 
modified lignin composition characterized by a 17-fold increase in p-hydroxyphenyl units.  
Using the lignin pathway as proof of concept, we illustrated that next-generation EcoTILLING to identify 
rare defective alleles is a straightforward approach to initiate reverse genetics and accelerate tree 
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breeding. The proposed breeding strategy, called ‘Breeding with Rare Defective Alleles’, should be widely 
applicable independent of the target gene or the species. 
 
SAMENVATTING 
Door de uitputting van de fossiele brandstoffen stijgt de nood aan hernieuwbare alternatieve 
energiebronnen. Tweede generatie biobrandstoffen worden in het algemeen geproduceerd uit de 
polysacchariden in lignocellulose plantenbiomassa, voornamelijk cellulose. Het proces waarbij cellulose 
wordt omgezet tot fermenteerbaar glucose wordt saccharificatie genoemd. Cellulose is ingebed in een 
matrix van andere polysacchariden en lignine waardoor het saccharificatie proces wordt gehinderd. In dit 
doctoraat werd een drievoudige strategie gevolgd om onze kennis te vergroten omtrent de interactie 
tussen celwand en saccharificatie en de generatie/gebruik van lignine-deficiënte populieren voor de 
productie van biobrandstof. 
 
Om planten te kunnen genereren die geschikt zijn voor de productie van biobrandstof, is een sterk gen-
ontdekkings programma, gericht op de weerstand van de celwand, nodig. Tegelijkertijd is er een systeem 
nodig dat de pleiotrope effecten van de genmodificatie onthult en dat de nodige fundamentele kennis 
verschaft om succesvol genen te stapelen. Dit kan bereikt worden door een systeembiologische aanpak 
in Arabidopsis. 
Ondanks dat lignine het sleutelpolymeer is, verantwoordelijk voor de sterkte die nodig is om planten 
opwaards te kunnen groeien, werd een reductie in de lignine hoeveelheid tot 64% van het wild-type 
niveau in Arabidopsis getolereerd zonder enig zichtbare negatief effect op de groei. In contrast tot wat 
algemeen wordt aangenomen, vonden we dat de lignine reductie niet gecompenseerd werd door een 
stijging in cellulose maar eerder door een stijging in de matrix polysacchariden. De meeste Arabidopsis 
lignine mutanten hadden een verbeterde saccharificatie-opbrengst gaande tot 88% cellulose conversie in 
ccr1 mutanten bij voorbehandelingcondities waar wild-type cellulose conversie slechts 18% bedroeg. De 
saccharificatie modellen en de pearson correlatie matrix toonden aan dat de lignine hoeveelheid de 
voornaamste factor was die de sacharificatie-opbrengst beïnvloedt. Daarentegen spelen de lignine 
samenstelling, hemicellulose hoeveelheid en samenstelling, vooral xylose en galactose hoeveelheid, ook 
een rol in het bepalen van de saccharificatie-opbrengst. Opmerkelijk is dat de cellulose hoeveelheid geen 
invloed had op de saccharificatie-opbrengst. 
Onze resultaten dragen bij tot een beter begrip van de effecten op de celwandcompositie ten gevolge 
van perturbaties in de lignin biosynthese en de invloed van de celwand op de saccharificatie-opbrengst. 
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Bovendien leveren onze resultaten nieuwe doelen die geschikt zijn voor genetische verbetering. We 
hebben gevonden dat andere celwandfactoren naast lignine hoeveelheid, kunnen aangepast worden om 
op die manier potentieel de celwand-verwerkbaarheid te verbeteren, vb. via de hoeveelheid galactose. 
 
Cinnamoyl-CoA reductase (CCR) en cinnamyl alcohol dehydrogenase (CAD)-neergeregelde populieren 
werden geëvalueerd voor hun saccharificatie-opbrengst en potentieel gebruik als startmateriaal voor de 
productie van biobrandstoffen. 
CCR katalyseert de voorlaatste stap in de monolignol biosynthesis. Populieren (Populus tremula X 
Populus alba) neergeregeld in CCR werden opgegroeid in veldproeven in België en Frankrijk onder korte-
omloop cultuur. Het ontschorste hout van de transgene populieren werd geclassificeerd naargelang het 
rood fenotype dat typisch geassocieerd is met het neerregelen van CCR. Saccharificaties werden 
uitgevoerd onder 4 verschillende behandelingen (geen, two basische en een zure voorbehandeling) en 
simultane saccharificatie en fermentatie experimenten toonden aan dat hout van de sterkst 
neergeregelde transgene bomen een verhoogde ethanol-opbrengst opleverden, tot 161% meer ethanol. 
Fermentaties van een volledig veld van 20-maand oude CCR-neergeregelde bomen, wat ook schors en 
minder neergeregelde bomen omvat, vertoonden nog steeds een 20% verhoogde ethanol opbrenst. 
De laatste stap in de monolignol biosynthese wordt gekatalyseerd door CAD. Veld-gegroeide CAD-
deficiënte populieren vertonen een 45% toegenomen saccharificatie-opbrengst wanneer een basische 
voorbehandeling wordt toegepast. De geanalyzeerde CAD-populieren vertonen echter een intermediare 
graad van neerregulatie. Daarom zullen sterker neergeregelde RNAi-lijnen worden geanalyzeerd in een 
tweede veldproef waarvoor recent de toelating werd aangevraagd. Met deze tweede veldproef hopen 
we een groter effect op de saccharificatie-opbrengst en consequente bioethanol productie aan te tonen. 
Veldproeven hebben aangetoond dat CCR-neerregulatie een succesvolle strategie kan zijn om de 
verwerkbaarheid van biomassa tot biobrandstof te bevorderen, zoals aangetoond met de toegenomen 
ethanol-opbrengst per hectare. Gebaseerd op de toegenomen saccharificatie-opbrengst, zijn CAD-
deficiënte populieren potentieel goede kandidaten om gebruikt te worden als startmateriaal in de 
biobrandstof productie. 
 
Additioneel aan genetische engineering, kan de genetische diversiteit gebruikt worden om zeldzame 
defectieve allelen op te sporen en op die manier reverse genetics en boom-kweek-programma’s te 
bevorderen. Volgende-generatie sequenering was in staat om een natuurlijke Populus nigra mutant met 
een prematuur stopcodon in het gen dat p-hydroxycinnamoyl-CoA:shikimate/quinate p-
     233 
 
hydroxycinnamoyl transferase1 (HCT1) codeert op te sporen. Het corresponderende enzym is essentieel 
in de lignine biosynthese en converteert p-coumaroyl-CoA naar p-coumaroyl shikimaat. De lignine 
samenstelling van de P. nigra bomen homozygoot voor het defectieve allel werd vergeleken met dat van 
heterozygote bomen en bomen zonder het defectieve allel. Lignine werd gekarakteriseerd door 
fenolische profiling, sequenering van de lignine oligomeren, thioacidolyse en NMR. Het mutante allel, 
PnHCT1-Δ73, codeert voor een verkort proteïne en homozygote bomen voor dit recessieve allel hebben 
een veranderde lignine samenstelling gekarakteriseerd door een 17-voudige toename in p-hydroxyfenyl 
eenheden. 
Door de lignine pathway als bewijs voor concept te gebruiken, konden we aantonen dat volgende-
generatie ecoTILLING kan gebruikt worden om zeldzame defectieve allelen te identificeren en zo reverse 
genetics te initiëren en boom-kweek-programma’s te versnellen. De voorgestelde kweekstrategie, 
genaamd “kweken met zeldzame defectieve allelen” kan gebruikt worden ongeacht het doelgen of het 
gebruikte species. 
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